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ABSTRACT

ASSESSING POTENTIAL IMPACTS OF CLIMATE CHANGE ON AMERICAN
LOBSTERS (HOMARUS AMERICANUS) WITH NOVEL TOOLS AND TECHNIQUES
by
Benjamin C. Gutzler
University of New Hampshire
The Gulf of Maine is currently experiencing rapid environmental changes, in the form of
warming temperatures, increasing acidity, and a benthic ecosystem that is dominated by the
American lobster (Homarus americanus) as the sole major predator and most significant fishery.
The overall goal of my dissertation research was to investigate how the increased stress from
warmer, more acidic, waters might impact individual lobsters, and thus lobster populations. To
address this overall objective it was necessary to develop novel methods for investigating lobster
behavior and reproduction, a theme that will run throughout this dissertation. In Chapter Two, I
developed a new technique for quantifying the sperm in the spermatophores produced by male
lobsters and used it to determine how often these males can recharge their spent sperm and mate
with another female. In Chapter Three, I tested the impact of shell disease, which has been linked
to warming waters in Southern New England, on mating behavior, mate choice and sperm
allocation. I found that only the most severely diseased lobsters were affected, and that male
lobsters likely allocated less sperm to severely diseased females. In Chapter Four I present the
results of experiments designed to determine if ocean acidification could impact the ability of

xvii

lobsters to detect food odors and thus their foraging behavior. The results I obtained indicated
that drops in pH associated with increased oceanic CO2 slowed the responses of juvenile and
adult lobsters to the presence of herring bait and reduced the time they spent handling it. Finally,
in Chapter Five, I developed a method for measuring the distance lobsters walked using
accelerometers, to set the stage for experiments designed to understand the impact of warming
oceans on lobster behavior and physiology both in the laboratory and their natural habitat. In
addition, I designed a novel datalogger that also recorded their heart rate and feeding activity
while the lobsters were freely moving in their natural habitat. This system, and the other devices
I developed during my research, will make it faster, cheaper, and easier to investigate fine-scale
changes in American lobster behavior, physiology and reproduction in their natural habitat.
Ultimately, my goal is to improve our understanding of the potential consequences of climate
change on lobsters, and then use this information to inform both the scientists who manage this
important resource and the people who depend on this resource to make a living.

xviii

CHAPTER 1
A GENERAL INTRODUCTION TO THE AMERICAN LOBSTER AND THE
POTENTIAL IMPACTS OF CLIMATE CHANGE ON THIS SPECIES IN THE GULF
OF MAINE

Global oceans are under increasing pressure from human activity (Halpern et al., 2015).
Rising temperatures and increased acidification linked to climate change threaten to
fundamentally alter marine ecosystems (IPCC, 2014; Poloczanska et al., 2016; IPCC, 2019). The
Northwest Atlantic and Gulf of Maine (GOM) are particularly vulnerable to these pressures,
warming at a rate much higher than the global average and with less ability to buffer pH changes
(Gledhill et al., 2015; Pershing et al., 2015; Saba et al., 2016; Kavanaugh et al., 2017). Along
with other changes, including to salinity and nutrient levels (Balch et al., 2012), these climatic
shifts have already disrupted the ecosystems in the region, altering the phenology of native
species and allowing range expansion of species previously not found in the region (Mills et al.,
2013; Staudinger et al., 2019). Some populations and fisheries have collapsed as management
measures failed to consider the effects of increased temperature on mortality and other life
history processes, bringing to light the severe consequences of relying on models that do not take
environmental changes into account (Pershing et al., 2015; Rilov, 2016). Taken together, these
changes are leading to grave concerns about the future of local marine species and the
communities that depend upon them (Jennings and Brander, 2010; Hare et al., 2016; Kleisner et
al., 2017; Le Bris et al., 2018).
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The American lobster, Homarus americanus, is one of the most iconic and economically
valuable species native to the waters off the New England coast. The lobster is a major
component of the marine ecosystem, and supports the single most valuable fishery in the region
as well as the most valuable single-species fishery in the nation (Steneck et al., 2011; National
Marine Fisheries Service, 2018). Consequently, any environmental change that impacts the
GOM and affects lobsters may have severe biological, economic, and social consequences
(Steneck et al., 2011; Pinsky and Fogarty, 2012; Steneck and Wahle, 2013). Changes in seawater
temperature, salinity and pH are likely to be of particular concern to crustaceans such as lobsters
for several reasons. Lobsters are able to detect and respond to small changes in temperature (Jury
and Watson, 2000) and salinity (Dufort et al., 2001). Adult lobsters are very mobile (Lawton and
Lavalli, 1995), and have specific thermal preferences, so they will move to access habitat
conditions they find more favorable and leave areas that they find aversive (Jury et al., 1995;
Crossin et al., 1998; Watson et al., 1999). This can lead to shifts in their distribution (Rheuban et
al., 2017; Tanaka et al., 2019), and potentially alter sex ratios and reproduction (Jury et al., 2019).
Finally, lobsters are very dependent on chemoreception both to find food and to successfully
mate (Atema and Voigt, 1995; Derby and Weissburg, 2014). Therefore, changes in ocean
chemistry that alter chemoreceptive abilities are likely to cause alterations in lobster behavior, as
has been seen in hermit crabs and other species (Briffa et al., 2012). Climate change, particularly
warming waters, has already played a role in creating a boom for lobsters in the GOM (Goode et
al., 2019). However, as conditions in the GOM shift further away from historical norms, lobster
populations might decline as already seen in southern New England (SNE) (Oppenheim et al.,
2019; Rheuban et al., 2017). How and when climate change may have deleterious effects on
American lobsters can only be predicted if we gather more data about the influence of these
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changing conditions on the behavior, physiology and reproduction of individual members of the
species. Below, I briefly summarize the potential impacts of some of the major climate changerelated stressors, particularly increased temperatures and decreased pH, on American lobsters.

THERMAL STRESS AND SHELL DISEASE
Several studies have already shown that climate change is the likely cause of northward
shifts in the epicenter of American lobster populations due to changes in where thermal
conditions favorable to survival and growth occur (Jury and Watson, 2013; Pinsky et al., 2013;
Tanaka and Chen, 2016; Oppenheim et al., 2019). Rising water temperatures, especially those
beyond 20º C, can push lobsters beyond their ability to maintain homeostasis and thus cause
physiological stress (Stoner, 2012; Koolhaas et al., 2011) Temperatures above 20º alter
hemolymph chemistry and reduce immune performance (Dove et al., 2005). In isolated lobster
heart preparations, 20º is also the threshold after which cardiac performance is compromised
(Worden et al., 2006). The increasing number of days per year with an average water
temperature above 20ºC correlates with declining abundances of lobsters recruiting to the fishery
estimated by trawl surveys (ASMFC, 2015), and models indicate such conditions will become
much more common in future years (Rheuban et al., 2017). Importantly for my work, the trend
of warming waters has also been implicated as a factor in the emergence and intensity of
epizootic shell disease (ESD) in SNE (Glenn and Pugh, 2006; Castro et al., 2012; Tlusty and
Metzler, 2012; Shields, 2019).
ESD in American lobsters is characterized by pits or lesions on the carapace, which begin
as small “burn spots” but expand to cover much of the body and can penetrate through the
carapace entirely (Smolowitz et al., 2005; Castro et al., 2012; Gomez-Chiarri and Cobb, 2012;
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Shields et al., 2012). Shell disease was observed intermittently in lobsters held in impoundments
for many years, but became an issue of concern for wild lobster populations in the 1990s in SNE.
The collapse of the nearshore lobster fishery in Rhode Island was correlated with an outbreak of
ESD in 1997 (Wahle et al., 2009), and currently a third or more of lobsters in some areas of SNE
typically show some degree of ESD (Castro and Somers, 2012; Gomez-Chiarri and Cobb, 2012).
Importantly, in terms of the impacts of climate change, ESD prevalence increases with warmer
temperatures, at least to some extent (Glenn and Pugh, 2006; Tlusty and Metzler, 2012; Groner
et al., 2018). Therefore, as the GOM warms, conditions will favor the development of ESD on
lobsters in regions where it has, so far, been scarce (Reardon et al., 2018). Increased
temperatures can accelerate the progression of ESD (Barris et al., 2018), and warming water
temperatures may have already led to expansions of the area in which ESD is common (Maynard
et al., 2016; Reardon et al., 2018).
Population models of the SNE lobster stock now incorporate a term for ESD prevalence
to improve their fit with the observed data (Wahle et al., 2009; Oppenheim et al., 2019), so ESD
appears to either be having an impact on the abundance of lobsters even though direct mortality
from shell disease is low (Stevens, 2009), or is an external manifestation of deleterious
environmental conditions (Gomez-Chiarri and Cobb, 2012; Meres et al., 2012; Shields, 2013).
Another possibility is that ESD has an impact on lobster reproduction, consistent with the finding
that regional larval settlement indices have indicated declining recruitment since the 1990s,
coinciding with the period of time in which shell disease became widespread (ASMFC, 2010;
Castro et al., 2012; ASMFC, 2015). After shell disease first manifests on a lobster’s carapace, the
lesions expand in size until the lobster molts (Tlusty et al., 2014; Barris et al., 2018). Ovigerous
females, whose intermolt period is extended to incubate the eggs, are disproportionately likely to
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not only have shell disease, but to have more intense cases of the disease (Castro and Angell,
2000; Glenn and Pugh, 2006; Castro and Somers, 2012; Groner et al., 2018). Ovigerous females
with shell disease sometimes molt early, losing their eggs in the process (Castro and Angell,
2000). Shell diseased lobsters also generally have higher hemolymph concentrations of the moltregulating hormone ecdysone (Laufer et al., 2005), which may lead to phenological mismatches
between when females molt and when males are receptive to mating. Together, these suggest that
shell disease may dramatically reduce mate quality or reproductive opportunities, as described
below.

LOBSTER MATING BEHAVIOR
Mate choice in lobsters is driven by females, but males make the choice whether or not to
accept overtures from females and allow them to share a den prior to molting and mating
(reviewed in Atema, 1986). A premolt female lobster will approach the den of a dominant male
and induce him to allow cohabitation via pheromones released in the urine (Bushmann and
Atema, 1997). If he accepts her, they will occupy the shelter together for several days to a week
prior to the female’s molt. Mating occurs shortly after the female molts, and involves the male
rolling the female onto her dorsal side and inserting a spermatophore into her seminal receptacle.
Cohabitation then continues for several days until the female’s new carapace hardens and she
departs. The female retains the spermatophore within the seminal receptacle for many months
prior to using its contents to fertilize eggs as she extrudes them onto her abdomen (Aiken et al.,
2004). This internal storage of the spermatophore can make it relatively difficult to estimate the
amount of sperm passed by a male, but the male contribution to fecundity should not be
underestimated.
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Male lobsters are capable of mating with many females within a relatively short period of
time (Pugh, 2014; Waddy et al., 2017), generally in a sequential manner previously described as
serial monogamy (Cowan and Atema, 1990). As females are generally receptive to mating for no
more than a few hours after molting, if a female cannot find a male who is available (i.e. not
already cohabiting with another female), she risks being unable to reproduce until her next molt,
a cycle which typically takes two years (Comeau and Savoie, 2002). Because lobster populations
in many areas are skewed towards females (Jury et al., 2019), this suggests that the choice a male
lobster makes, in terms of which female he allows to cohabit, may play a powerful role in
determining reproductive success, and that the duration of the cohabitation may act as a ratelimiting step to determine how many females can mate with him. Chapter Two of this
dissertation presents a novel method I developed for counting the number of sperm found within
a spermatophore, as well as the results of an experiment designed to determine whether the
number of sperm per spermatophore is reduced between serially produced spermatophores.

THE POTENTIAL FOR SHELL DISEASE TO IMPACT LOBSTER REPRODUCTION
Unlike in many other crustacean species, lobster mating involves passing a single
spermatophore, or ejaculate (Subramoniam, 1993). This tubular structure may vary widely
between males in the amount of sperm it contains (Pugh et al., 2015), and may allow males to
allocate sperm differently depending on the size of their mate (Gosselin et al., 2003).
Environmental factors may also have detrimental impacts on sperm quantity, as prolonged
experience to thermal stress reduces spermatophore production and quality (Talbot et al., 1983;
Aiken et al., 1984). If ESD alters either the quality or the quantity of the sperm and
spermatophore produced by diseased males, this might lead to sperm limitation within the
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population and thus decreased recruitment. Furthermore, intermolt female lobsters do not appear
to distinguish between healthy males and those with shell disease based on odor (Rycroft et al.,
2012). If this is also the case for premolt females seeking out potential mates, female mate
choices may not take into account any potential consequences of shell disease on spermatophore
content.
The effects of ESD on female lobsters may also influence reproductive dynamics. Large
female lobsters can produce many more eggs than smaller females, and thus should be highquality mates (Waddy and Aiken, 1986). However, large females are disproportionately
impacted by shell disease (Castro and Angell, 2000; Glenn and Pugh, 2005; Glenn and Pugh,
2006; Castro and Somers, 2012). ESD leads to reduced growth increments per molt (Castro and
Somers, 2012; Stevens, 2009), which in other decapod species is seen after gross injuries such as
limb loss (Brouwer et al., 2006; Davis, 1981). Such injuries were linked to reduced egg
production in the spiny lobster Panulirus cygnus (Melville-Smith and de Lestang, 2007), likely
due to the energetic costs of responding to the injury. Lobsters susceptible to ESD may be less
able to bear the costs of both reproduction and the disease (Tlusty et al., 2007; but see Miller et
al., 2013). Thus, for a male whose opportunities for other matings may be limited by
cohabitation with a female, a shell diseased female who may be unable to produce a full clutch of
eggs could be a “risky” mate, and accordingly rejected or allocated less sperm.
In Chapter Three of my dissertation I examine the impact of ESD on lobster mating by
addressing the following questions: 1) If given a choice, will a male lobster prefer to mate with a
female without shell disease?; and 2) If male lobsters do mate with females with shell disease,
will females with shell disease receive fewer sperm than healthy females?
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ESD has primarily been a concern for the SNE lobster stock thus far (Castro and Somers,
2012). However, as the Gulf of Maine continues to warm, it is likely that the prevalence of ESD
and other manifestations of thermal stress will continue to increase in the region (Maynard et al.,
2016; Reardon et al., 2018). An improved understanding of the consequences of such stresses on
the lobster population may allow for better estimation of the state of the lobster population in the
Gulf of Maine and its likely trajectory.

BEHAVIORAL EFFECTS OF OCEAN ACIDIFICATION
Increased atmospheric CO2 concentrations are driving the pH of the oceans down, from a
current ambient pH of approximately 8.1 to potentially as low as 7.7 by the end of the century
(Denman et al., 2011). The GOM is likely to experience especially rapid and pronounced
changes (Gledhill et al., 2015). The estuarine and nearshore habitats frequented by lobsters are
even more vulnerable to the effects of ocean and coastal acidification (OCA) due to reduced
buffering capacity from freshwater inputs and limited mixing. A significant amount of research
has been carried out to test the behavioral and physiological impact of OCA on invertebrates
(Kroeker et al., 2010; Byrne, 2011; Denman et al., 2011; Nagelkerken and Munday, 2016),
including some work on crustaceans (Whiteley, 2011). In general, crustaceans appear more
resilient to the impacts of OCA than other calcifying taxa, at least in terms of shell formation
(Kroeker et al., 2010; Byrne, 2011; Branch et al., 2012; Byrne and Przeslawski, 2013; Kroeker et
al., 2013). However, relatively little work has been done on American lobsters, and what has
been done has focused on physiology rather than behavior (Keppel et al., 2012; Waller et al.,
2017; McLean et al., 2018; Harrington and Hamlin, 2019).
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OCA is likely to have a range of effects on animal behavior, including impaired sensory
function, altered activity levels, and changes to foraging and interspecific interactions due to
species-specific responses (Briffa et al., 2012; Clements and Hunt, 2015; Nagelkerken and
Munday, 2016; Ashur et al., 2017; Clements and Darrow, 2018; Draper and Weissburg, 2019).
Crustaceans may be particularly sensitive due to their extensive use of chemical cues (Whiteley,
2011; Derby and Weissburg, 2014). Decreases in pH have been shown to reduce the ability to
locate and obtain food in anomuran and brachyuran crabs (de la Haye et al., 2012; Dodd et al.,
2015; Kim et al., 2016; Wang et al., 2018), as well as diminishing overall locomotor activity (de
la Haye et al., 2011). Experiments in other marine taxa, such as fish, have shown similar effects
of acidification on chemoreception, and suggest that the changes in pH may alter either the
binding of odorants to chemoreceptors, or the odorant molecules themselves (Royce-Malmgren
and Watson, 1987; Watson et al., 2014; Leung et al., 2015). As both feeding and mating in
lobsters are strongly dependent on olfactory cues (Atema, 1995; Atema and Steinbach, 2007),
alterations in their ability to detect and react to such cues may have profound impacts on the
population.
Lobsters have a well-developed chemosensory system, primarily located in the
antennules and legs (reviewed in Atema and Voigt (1995), and more broadly by Derby and
Weissburg (2014)). Chemoreceptor cells tend to be sensitive to single odorant compounds, but
receptors for a broad array of compounds are distributed throughout the body, allowing lobsters
to discriminate between odors in a complex environment (Atema and Voigt, 1995). Each of these
sets of receptors plays a role in searching for, locating, and consuming prey (Derby and Atema,
1982; Grasso and Basil, 2002). For example, if the antennules are ablated, lobsters are unable to
properly orient to the source of food odor cues (Devine and Atema, 1982; Beglane et al., 1997).
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Consequently, reductions in a lobster’s ability to detect odor cues may lead to deficiencies in
lobster nutrition and health, as well as reducing the efficacy of the bait used in traps.
In the freshwater crayfish, Cambarus bartoni, acidified conditions result in impairment of
both the ability to locate the source of food odors and the time taken to reach them (Allison et al.,
1992), while in the estuarine crab, Panopeus herbstii, acidified conditions reduced the amount of
time handling prey, as well as inducing crabs to give up predation attempts sooner (Dodd et al.,
2015). These studies suggest that OCA is likely to produce similar effects in lobsters. In Chapter
Four of my dissertation I will present results from laboratory experiments indicating that a
decline in pH to levels predicted for the end of the century in the Gulf of Maine will cause
lobsters to become less able to sense and respond to the odor cues from the herring used to bait
lobster traps. In addition, I also demonstrate the utility of accelerometers as a means to assess the
attractiveness of food odor cues – an approach which allows for faster analyses, and fewer
logistical complications, than traditional measurements involving video analyses.

NEW CHALLENGES REQUIRE NOVEL TOOLS
As environmental conditions shift further from historical norms, assumptions about
animal behavior and ecosystem function will be severely tested and may be found lacking
(Visser, 2008). The Gulf of Maine has experienced multiple heat waves in the space of a decade,
which have made it clear that the environmental changes associated with climate change are
altering both the biological and the social frameworks that have long typified the region
(Pershing et al., 2018b). Effective management of biological resources requires an ability to
measure and adapt to these changes (Dovers et al., 1996; Perry et al., 2010; Polasky et al., 2011).
Thus, a focus of my work throughout this dissertation has been on developing and using novel
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methodologies for assessing how animals are reacting to changes in their environment. In short,
the old ways of doing business may not be the most effective or efficient means of understanding
both what animals are doing, and why – a fundamental challenge of movement ecology (Nathan
et al., 2008). Biotelemetry – the recording of physiological parameters in freely moving animals
– may offer a path forward (Cooke et al., 2004). The increasing use of accelerometers as tools for
understanding animal movements over the past decade is an example of how new methods may
evolve (Shepard et al., 2008b; Brown et al., 2013). Accelerometry has previously been used as a
low-cost means of examining the activity patterns of decapods by providing binary
“active/inactive” measurements over time (Goldstein et al., 2015; Gutzler et al., 2015; Langley,
2016). This is imprecise compared to the detailed tracks that are possible from acoustic telemetry
arrays (e.g. Golet et al., 2006; Scopel et al., 2009; Skerritt et al., 2015). However, looking only at
location is an incomplete picture, as it does not allow direct determination of what activity an
animal may be doing in space and time. Without direct visual observations, physiological
information about the animal is likely required to improve our interpretation of behaviors (Cooke
et al., 2004; Wolcott, 1995).
Much of our knowledge of the behavior of lobsters comes from work in laboratory
environments. However, behavioral differences between laboratory and field can be large (Jury,
1999; Hellström et al., 2016; Jury et al., 2018). One of my goals is to bridge the divide between
work that has traditionally required animals to be held in captivity with methods that can be used
in the field, by creating dataloggers capable of monitoring physiological conditions such as heart
rate or feeding activity. After appropriately calibrating the devices via video observation in
laboratory settings, data obtained from freely-moving animals in the wild can be recovered and
provide a fuller picture of behavior and activity in their natural habitat. Although the use of such
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devices in the field has been suggested for more than twenty years, no published work has
demonstrated their use in lobsters, and little more than proof-of-concept demonstration has been
done in other decapod species (Wolcott, 1995; Friere and González-Gurriarán, 1998; McGaw et
al., 2018). In Chapter Five of this dissertation, I demonstrate that movements of lobsters in the
wild can be estimated using accelerometry. When coupled with additional sensors which monitor
the heart rate and mandible movements of freely-moving lobsters, accelerometer dataloggers can
provide detailed insights into behavior and activity that could not be gleaned solely from the kind
of positional information traditional telemetry methods would report.

The effects of climate change are causing profound shifts in ecosystems across the globe.
The GOM is likely to continue to experience rapid and extensive environmental changes,
pushing conditions beyond historical precedents. Unfortunately, the speed with which it is
changing makes it difficult to determine how the ecosystem is responding. The work presented in
this dissertation aims to not only improve our understanding of how lobsters may be impacted by
the changes occurring in the GOM, but also provide a more efficient and effective set of tools
with which to study decapod behavior and physiology in the years to come.
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CHAPTER 2

THE USE OF A NOVEL METHOD FOR QUANTIFYING SPERM TO DETERMINE
THE POTENTIAL FOR SPERM DEPLETION DUE TO REPEATED MATINGS IN
MALE AMERICAN LOBSTERS

ABSTRACT
Sperm limitation has been a subject of concern for a number of fished decapod species.
When American lobsters (Homarus americanus) mate, the male inserts a spermatophore into the
seminal receptacle of the female, where it is stored and later used to fertilize her eggs. If sperm
are a limited resource, the amount of sperm in the spermatophore dictates how many eggs can be
successfully fertilized. Skewed sex ratios, and the rate at which males can mate with sequential
females are factors that could lead to sperm limitation and thus a decrease in the overall
fecundity of lobster populations. I developed a novel technique for counting the number of sperm
within a lobster’s spermatophore based on DNA quantification and confirmed its accuracy using
flow cytometry. I sought to 1) outline a lobster sperm quantification method and demonstrate
that it provides a fast and accurate way to quantify sperm; 2) show how this method can be used
to estimate sperm abundance using images of individual spermatophores and; 3) use the method
to examine the rate at which males can produce new sperm after release of a stored
spermatophore. Male lobsters tested at three-day intervals varied substantially in the number of
sperm per spermatophore (range = 427,090 – 5,028,996; mean = 2,306,473), and showed no
evidence for declines in sperm count in subsequent samples. These results suggest that male
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lobsters replenish their sperm supplies rapidly, and that sperm recharge rate is unlikely to be a
factor in inducing sperm limitation in lobster populations.

INTRODUCTION
Sperm limitation occurs when the number of eggs requiring fertilization exceeds the
number of sperm available to fertilize them (Levitan and Petersen, 1995). This limitation may
occur if too few males are available as potential mates, the males present are incapable of
producing sufficient quantities of sperm to fertilize the female’s entire clutch of eggs, or the
sperm passed are of poor quality (MacDiarmid and Butler, 1999). The reduction in fertilization
rates due to sperm limitation can alter both demographic and population processes (Levitan and
Petersen, 1995). Decapod crustaceans may be especially prone to the effects of sperm limitation.
Unlike free-spawning species, which release clouds of male and female gametes and often
display adaptations in the mating system to increase fertilization success (Yund, 2000), decapod
mating involves transfer of non-motile sperm directly to the female (Sainte-Marie, 2007;
Subramoniam, 1993). Fished decapods may consequently have fewer adaptations to mitigate
potentially sperm-limited situations, and harvesting pressures often remove larger males that are
capable of contributing a disproportionate amount of sperm to the population (Sainte-Marie et al.,
2008; Sato, 2012; Pardo et al., 2015; Ogburn, 2019). Estimating the number of sperm that males
in the population may be able to pass is a key metric in determining whether sperm limitation is
occurring, yet relatively little research has been done to effectively quantify these values (SainteMarie, 2007; Ogburn, 2019), due in part to the technical challenges inherent in the process of
successfully extracting and enumerating sperm cells.

12

Efforts to quantify the number of sperm per spermatophore, or sperm cells passed per
mating, in decapods have typically involved either manual cell counts using hemocytometers or
spermacytometers (Wolcott et al., 2005; Butler et al., 2011; Rains et al., 2016) or histological
sectioning and analysis of the volume occupied by sperm (Pugh et al., 2015). Each of these
methods requires subsampling of the spermatophore to make quantification manageable, and can
be very time-consuming, especially when analyzing many samples. However, because it is now
possible to rapidly and cheaply measure the quantity of DNA in a sample, and each sperm cell
contains a single copy of the genetic material of the father, it is possible to use the amount of
DNA in a sample to calculate the number of sperm present (Doyle et al., 2011; Hines et al.,
2003). An analogous approach has been used in lobsters to determine if early stage eggs,
obtained before they have started to divide, have been successfully fertilized (Johnson et al.,
2011). In this study, I sought to adapt this method to quantify the number of sperm cells in
American lobster spermatophores.
The American lobster Homarus americanus (H. Milne-Edwards, 1837) is subject to a
number of factors that may put it at risk for sperm limitation, especially in the southern portion
of its fished range (Pugh, 2014; Jury et al., 2019). Ovigerous female lobsters are protected from
harvesting, and they are also subject to other conservation measures such as V-notching (cutting
a notch in one uropod of an ovigerous female; such notched females are illegal to possess and
notching is mandatory in many jurisdictions (Miller, 1995)). However, no such protections exist
for reproductively active males, and sex ratios in large lobsters are consequently often femaleskewed (ASMFC, 2015). Furthermore, it has been proposed that warming waters associated with
climate change are responsible for skewed sex ratios in some regions of the fishery (Jury et al.,
2019). Male and female lobsters have different preferred thermal regimes, and are capable of
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substantial movements to remain within their desired thermal envelope (Jury and Watson, 2013).
Because male lobsters tolerate higher temperatures than females, and females tend to remain in
deeper and cooler water, there might be too few males in some areas to successfully mate with
all available sexually mature females. Such skewed operational sex ratios can substantially
reduce population fecundity (Rondeau and Sainte-Marie, 2001; Sainte-Marie et al., 2008), and
potentially have substantial effects on selection gradients for sexual traits (Emlen and Oring,
1977; Galipaud et al., 2019). Additionally, increased water temperatures are associated with both
a reduction in the number of sperm produced per spermatophore (Aiken et al., 1984; Waddy and
Aiken, 1991) and an increased incidence of shell disease, which has, in turn, been linked to
changes in egg and sperm quality (Comeau and Benhalima, 2009; Miller et al., 2013). As a
consequence, female lobsters may be increasingly challenged to find a male capable of providing
enough sperm to fully fertilize their egg clutches (Gosselin et al., 2003; Gosselin et al., 2005;
Jury et al., 2019). Regulatory bodies monitoring the decline of the Southern New England lobster
fishery have considered management measures aimed at boosting egg output (see ASMFC
American Lobster Board proceedings Aug 2017 at:
http://www.asmfc.org/uploads/file/59f0fb52AmLobsterBoardProceedings_Aug2017.pdf), but if
a sperm limited situation exists, such measures would be unlikely to help. Thus, an improved
ability to directly measure the number of sperm produced by male lobsters might be key to
deciding on effective management options and assessing the success of their implementation.
The ejaculate of H. americanus is morphologically typical of nephropid lobsters: a single,
tubular spermatophore composed of the tightly packed sperm mass surrounded by acellular
layers that likely offer protection and energy for the sperm (Kooda-Cisco and Talbot, 1982;
Subramoniam, 1993; Comeau and Benhalima, 2018). For clarity, this entire ejaculated structure
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is referred to as the spermatophore in this study (Figure 2.1). During mating, the spermatophore
is transferred to the female’s seminal receptacle, where it is stored until fertilization occurs
externally during egg extrusion (Aiken et al., 2004). The internal storage of the spermatophore
presents difficulties for estimating the amount of sperm passed by the male after mating.
Histological examination of the seminal receptacle can yield an estimate of sperm volume (Pugh,
2014), but a simpler approach to assessing the number of sperm male lobsters are capable of
producing is to procure spermatophores directly from the male via electroejaculation (KoodaCisco and Talbot, 1983; Pugh et al., 2015). Spermatophores obtained this way are
morphologically normal and can be used for artificial insemination, suggesting little difference
between those obtained “on demand” and those extruded during mating (Aiken et al., 1984). As
lobsters produce sperm continually and are capable of mating year-round, electroejaculation
should provide viable sperm throughout the year (Waddy et al., 1995; Aiken and Waddy, 1986;
Comeau and Benhalima, 2018).
In this Chapter, I provide details for using a novel technique for rapidly quantifying the
number of sperm present in an extruded spermatophore by measuring the amount of DNA
present within the spermatophore. The data obtained using this method were calibrated by also
counting the number of sperm in each sample using a flow cytometer. Using this method, I was
able to estimate the number of sperm typically contained within a given volume of
spermatophore, thus allowing better calibration of previous volume-based estimates of male
fecundity. I then used this method to determine if sperm reserves can be depleted by repeated
matings under controlled conditions in the laboratory.
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Figure 2.1. Spermatophores produced by two different male American lobsters (Homarus
americanus), showing the differences in shape and composition possible between
spermatophores. The white material is the sperm, which is surrounded by layers of acellular
material. Scale bars are 2 mm.

MATERIALS AND METHODS
Sperm counting technique and estimation of sperm per volume
Male lobsters (n = 10, carapace length (CL) 73-93 mm) were trapped off the coast of
New Hampshire and Massachusetts by University of New Hampshire, New Hampshire Fish &
Game, and/or Massachusetts Division of Marine Fisheries personnel, and held either in a flowing
seawater system at the UNH Coastal Marine Laboratory (CML; New Castle, NH), or in a
recirculating tank on the UNH main campus (Durham, NH) from May through September of
2018. Lobster health was assessed visually to ensure no shell diseased males were included.
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Spermatophores were obtained by electroejaculation, following the methods of Kooda-Cisco and
Talbot (1983), then transferred to 1 mL of 0.33 M MgCl2 prior to processing. The MgCl2 was
used to reduce the incidence of spontaneous acrosomal reactions (Talbot and Chanmanon,
1980a) and inhibit the textural changes of the spermatophore’s outer plug material commonly
found upon contact with seawater (Subramoniam, 1993).
To determine the relationship between the number of sperm present in a sample and the
amount of DNA extracted, a total of 11 spermatophores were collected from the 10 lobsters (one
lobster was sampled a second time, two weeks after the first sampling). Using forceps under a
dissecting microscope, I removed as much acellular plug material as possible from each
spermatophore to ensure the sperm were free to disperse in the MgCl2 solution. The remaining
sperm mass formed the stock solution, from which I created a series of dilutions to provide a
range of concentrations of sperm. The stock solution was vortexed to mix, then split into either
four concentrations (100%, 75%, 50%, and 25%), or three concentrations (100%, 67%, and 33%),
by diluting subsamples with 0.33M MgCl2 to a final volume of 240 µL. In total, this process
yielded 46 distinct subsamples that were used to construct a calibration curve that would make it
possible to convert between the amount of DNA and the number of sperm cells present. From
each of these diluted subsamples, 150 µL was used for DNA quantification, and 72 µL was used
to count the concentration of sperm cells present via flow cytometry.
To quantify the DNA present, each subsample was sonicated for ~10 seconds to break up
the remaining portions of the sperm plug, further diluted 1:1 with deionized water and vortexed
for ~5 seconds. The osmotic shock from the addition of the deionized water served to lyse the
sperm cells and enhance DNA yield during the extraction process. Following dilution with
deionized water, a GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis,
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MO) was used to extract DNA from 150 µL of each sample, following the kit protocol for “fresh
whole blood.” This extracted DNA was then immediately quantified using a Qubit 2.0
fluorometer with the Qubit dsDNA HS (high sensitivity) assay (Thermo Fisher, Waltham, MA).
A separate subsample was used for flow cytometry after staining with 8 µL of acridine
orange (1:10,000 acridine orange in 1% Tween-80 (Thompson and Hunt, 1966)), then 40 µL of
the stained sample was further diluted in 960 µL of 0.33M MgCl2 and run through a BectonDickinson FACScalibur flow cytometer (BD Biosciences, San Jose, CA) that measured
fluorescence at 530 nm at a flow rate of 60 µL/minute. The acridine orange stain bound to the
DNA within each sperm cell, allowing the cytometer to count sperm cells passing its detector.
The amount of time taken to reach 10,000 total detections was divided by the flow rate to yield
the volume of sample measured. The output from the flow cytometer was analyzed in Flowing
Software 2.5.1 (Perttu Terho, http://flowingsoftware.btk.fi) using fluorescence intensity, forward
scatter, and side scatter parameters to exclude erroneous detections of cellular debris or plug
material remaining in the sample. The number of sperm cells detected was divided by the volume
of sample analyzed to yield the concentration of sperm cells in the sample.
The relationship between the concentration of sperm cells determined by the flow
cytometer and the concentration of DNA present as determined by fluorometry was compared
using a linear regression to produce a conversion between the amount of DNA present and the
number of sperm. All statistical analyses were conducted in SPSS 26 (IBM, Armonk, NY),
unless otherwise specified. For all parametric tests, residual plots were inspected to ensure that
the data satisfied the assumptions of normality and homoscedasticity.
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Estimation of sperm per volume
Spermatophores were obtained from seven additional lobsters and immediately cut into
transverse segments 1-2 mm long (n = 26) using dissecting scissors under a dissecting
microscope. Each segment was photographed using an Olympus DP21 digital camera (Olympus
Corporation, Tokyo, Japan) mounted on the microscope, then transferred to MgCl2 for DNA
extraction and quantification as described above. The photographs were analyzed using the
measurement tools of Fiji (Schindelin et al., 2012) to model the sperm-containing portion of each
segment as a series of truncated cones. Although this approach assumes a circular cross-section
for the packed sperm rather than the trefoil actually present (Kooda-Cisco and Talbot, 1982), it
allows for changes in the width of the sperm mass along the length of the spermatophore
segment and can be estimated from a single image. The estimated volume of sperm calculated
from the photographs was compared with the number of sperm estimated from DNA
quantification using a linear regression to determine the number of sperm in a given volume of
the sperm mass portion of a spermatophore. Prior to pooling data from different individuals for
this regression, an ANCOVA was conducted to ensure that the relationship between sperm count
and sperm mass volume was consistent between individuals.

Experimental test of sperm depletion
The potential for sperm limitation due to repeated mating was tested using repetitive
electroejaculation. I hypothesized that the number of sperm present in each spermatophore would
decline over the course of several sampling times, due to the need to produce new sperm to
replenish available stores. During June 2019, early in the typical mating season, lobsters
collected from New Hampshire waters (n = 12, 72 – 82 mm CL) were held in flow-through
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seawater tanks at the UNH CML for one week prior to beginning the experiment to ensure no
mating activity had occurred immediately prior to the experiment. Water temperatures during
this period ranged from 9º – 16º C. Lobsters were fed herring (Clupea harengus) ad libitum
every other day throughout the experiment. Lobsters were stimulated to produce a
spermatophore on day 0, and then again after 3 days, 6 days, and 12 days. The three day interval
was chosen because male lobsters commonly cohabitate with a female for several days before
and after mating (Atema, 1986), and thus intervals of several days between mating events are
common (Waddy et al., 2017). At each time period, both the left and right gonopores of each
lobster were shocked, but for consistency, only spermatophores produced by the left gonopore
were collected for analysis. The whole spermatophore was sonicated and used for DNA
extraction. Samples were processed in triplicate to produce three separate measurements of DNA
content, allowing failed extractions to be excluded from the analyses. The average amount of
DNA present across the triplicate samples was used in the regression developed in the previous
experiments to calculate the number of sperm present within each spermatophore. The number of
sperm present per spermatophore at each time interval was analyzed in R 3.5.2 (R Core Team,
2018) and RStudio 1.1.463 (R Studio Team, 2016) using a Friedman test, blocking by individual
lobster.

RESULTS
Sperm quantification technique
A linear regression of cell counts from the flow cytometer against the quantity of DNA
measured by the Qubit showed a significant linear relationship between the two measures (R2 =
0.852; F1,41 = 235.588, p < 0.001; Figure 2.2). Regression through the origin was chosen as the
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most appropriate measure of the relationship due to the fact that the sperm cells themselves are
the only cellular material in a spermatophore, and thus there should be no DNA present beyond
that contained within the sperm cells (Kooda-Cisco and Talbot, 1982; Eisenhauer, 2003). The
regression yielded the following equation: (# of sperm) = 800795.574 x (µg DNA). This
equation was used to convert the quantity of DNA present in a sample to the number of sperm
present for all subsequent analyses.

Figure 2.2. Scatter plot and results of the regression comparing µg of DNA, as measured by the
Qubit system, with the number of sperm cells present, as determined by flow cytometry.
The sample dilutions also provided a way to estimate repeatability of the DNA
quantification technique. When the DNA concentrations of the diluted samples were corrected to
reflect the original (undiluted) concentration and compared with the 100% concentration samples,
10 of 26 (38%) of the diluted samples were within ± 10% of their respective 100% concentration
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DNA values, and 18 of 26 (69%) were within ± 20% of their respective 100% concentration
DNA values. A paired t-test found no significant difference between the calculated original
concentration of the diluted samples and their respective 100% concentration samples (t = 1.082,
df = 27, p = 0.289).

Estimation of sperm per volume
A preliminary ANCOVA found that there were significant differences between males in
the intercept terms of the relationship between volume of sperm mass and number of sperm, due
to the different sizes of spermatophore segments tested from each (Table 2.1). However, there
were no significant differences in the regression coefficients between males, indicating that the
number of sperm varied consistently with the measured volume of sperm mass between males.
Thus, data from all lobsters were pooled, and linear regression showed a significant linear
relationship between the volume of the sperm mass within a section of spermatophore (as
determined by image analysis), and the number of sperm present determined by DNA
quantification (R2 = 0.844; F1,23 = 124.014, p < 0.001; Figure 2.3). The equation for this
regression was: (# of sperm) = 115618.561 x (mm3 volume of sperm mass) + 88049.024.
Consequently, the estimated volume occupied by a single sperm cell in these samples was
8.649x10–6 mm3.
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Table 2.1. Results of a preliminary ANCOVA to determine whether regression coefficients
differed significantly between different males (n = 7) when comparing the volume of the sperm
mass in a section of spermatophore with the number of sperm present as determined by DNA
quantification. Though individual lobsters had significantly different intercepts, due to the
differences in sizes of the spermatophore segments used, there were no significant differences in
coefficients between males.
Source

df

MS

F

p

Volume

1

5.573x1011

108.06

<0.001

Lobster

6

4.145x1010

8.04

0.001

Volume x Lobster

5

9.003x109

1.75

0.199

Error

12

5.157x109

Figure 2.3. The relationship between the volume of sperm mass, as determined by image
analysis, and the number of sperm contained within the mass, as determined by DNA
quantification and the regression developed previously (Fig. 2).
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Test of sperm depletion
Of the 12 lobsters tested, 11 produced spermatophores at all four sampling intervals and
were included in the analyses. No obvious trends were found in the number of sperm produced in
the spermatophores obtained in the repeated samples (Figure 2.4). There were no significant
differences in the number of sperm produced per spermatophore between sampling times during
the test of sperm depletion (Friedman chi square = 2.89, df = 3, p = 0.41, Figure 2.5). The
number of sperm produced per spermatophore varied widely between lobsters, from a minimum
estimated value of 427,090 to a maximum estimated value of 5,028,996 sperm within a single
spermatophore. Overall, the mean number of sperm per spermatophore was 2,306,473 ±
1,245,315 (mean ± SD, n = 44).

Figure 2.4. Results of the test of sperm depletion. Each line represents a different lobster (n =
11), and each point is the average of the triplicate DNA measurements. Note the wide variation
in sperm counts between individuals. There were no significant differences between time points
in the number of sperm per spermatophore (Friedman chi square = 2.89, df = 3, p = 0.41).
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Figure 2.5. Box and whisker plot showing changes in DNA content (and thus sperm) per
spermatophore during the test of sperm depletion. Whiskers represent the extent of data within
1.5 IQR. Data were normalized to the initial DNA content for each lobster (n = 11). The dashed
line represents 100% of the initial concentration (no change). There were no significant
differences between time points in the number of sperm per spermatophore (Friedman chi square
= 2.89, df = 3, p = 0.41).
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DISCUSSION
In this study I demonstrated that it is possible to use DNA measurements to quantify the
number of sperm cells in a lobster spermatophore. Importantly, the method I developed is much
faster, and less expensive, than either using a handheld hemocytometer, a very expensive flow
cytometer, or estimating the volume of sperm from histological sections of a fixed and stained
spermatophore. The cost to analyze each sperm sample using the method presented here is under
$5 (USD), after acquiring the required instrument. Although there is preparation time associated
with the DNA extractions, many samples can generally be run in parallel and thus there is little
additional time investment associated with additional samples. Generally, the entire process of
DNA extraction and quantification took between two and three hours. The rate-limiting step was
found to be the number of samples that could be centrifuged simultaneously during the DNA
extraction. Assuming a limit of 30 samples in the centrifuge and running triplicate samples for
quality assurance, the time required to extract and quantify the DNA from 10 spermatophores
works out to approximately 15 minutes per spermatophore. This compares favorably with the
amount of time required to analyze a spermatophore by counting the sperm present in multiple
fields of view in a hemocytometer (G Gnanalingam, personal communication), and is much
faster than analysis of histological sections (B Gutzler, personal observation). The extraction
process is simple and uses a commercially available kit, but may not be thoroughly optimized for
this application. The genome size for H. americanus has been measured to be 9.49 ± 0.2 pg of
DNA (Deiana et al., 1999). However, the amount of DNA per sperm estimated from the data
presented here is markedly less at 1.25 pg, suggesting poor extraction efficiency. Another
problem is that the “sticky” spermatophore of Homarus poses challenges for effective isolation
of sperm. Further efforts to improve extraction efficiency are warranted, perhaps including the
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investigation of the viability of NaOH solutions as used previously in anomuran crabs (Sato et al.,
2008).
By combining image analysis of a portion of a spermatophore, with an estimate of the
number of sperm cells in that volume of sperm, I was able to compare our estimates of the
number of sperm in a whole spermatophore with previous estimates. Pugh et al. (2015) measured
the volume of sperm masses within 48 spermatophores obtained from lobsters between 60-100
mm CL, and reported volumes ranging from 0 – 20 mm3. They then calculated that
spermatophores could contain anywhere from 1,000-100,000 sperm. However, my data indicates
that a spermatophore containing 5 mm3 of sperm would in fact contain 666,142 sperm, rather
than the 26,316 sperm suggested by the previous methodology. This difference might be due to
trying to divide the calculated volume of the sperm mass, by estimates of the size of a single
sperm cell. I estimated the volume occupied by a single sperm cell, using the regression shown in
Figure 2.3, to be 8.649x10–6 mm3. This is slightly larger than the value of 1.34x10-7 mm3 that
Talbot and Chanmanon (1980b) calculated using measurements of 20 µm in length and a
diameter of 3 µm for a single sperm cell. This discrepancy might be due to the fact that each
sperm also possesses three spikes that extend out almost 40 µm, and the sperm are oriented
randomly within the sperm mass rather than packed in a maximally efficient manner (KoodaCisco and Talbot, 1982). Therefore, while the body of the sperm might be close to the value
Talbot and Channanon (1980b) estimated, the volume occupied by an individual sperm cell is
likely larger than would be expected based on the measurements of the sperm body alone. For
this reason the DNA-based approach should be preferred to estimate the number of sperm in a
given volume of sperm mass, or given spermatophore. This method may also work to quantify
the number of sperm contained within a seminal receptacle, based on limited preliminary trials,
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though whether the length of time since mating (i.e. since the spermatophore was produced by
the male) affects these results is unknown.
These new estimates suggest the number of sperm per spermatophore produced by H.
americanus is lower than in some other decapod species (Sainte-Marie, 2007). However,
although H. americanus may only produce 2-3 million sperm per spermatophore, this greatly
exceeds estimates of the number of eggs produced by females each time they spawn (typically ~
10,000, but up to 100,000 in larger females) (Herrick, 1909). This produces a sperm:egg ratio
comfortably in excess of those reported from other decapods (Sainte-Marie, 2007). Furthermore,
the lack of sperm depletion between successive extrusions of spermatophores suggests male
lobsters may be capable of greater fecundity during a mating season than other decapods that
may take weeks to months to recover sperm stores following mating (Kendall et al., 2002; Sato
et al., 2005; Butler et al., 2015; Pretterebner et al., 2019).
Although there was no significant effect of sampling time across all lobsters in the test of
sperm depletion, clear inconsistencies emerge when looking at the trends of individual lobsters
(Fig. 4). Of the 11 lobsters that produced spermatophores at all four sampling times, 4 produced
more sperm in the fourth spermatophore than in the first and two produced fourth
spermatophores containing less than 75% of the sperm of the first one they produced.
Furthermore, although smaller males did tend to produce slightly fewer sperm per spermatophore,
even identically sized lobsters produced a range of sperm per spermatophore. For example, three
80 mm CL lobsters produced averages of 3.2x106 sperm, 1.62x106 sperm, and 1.56x106 sperm
per spermatophore respectively. All the lobsters tested were collected on the same day, from
traps within a few miles of each other, and were held in the same flow-through ambient seawater
system, and there were no obvious visible differences between the animals to explain these
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discrepancies. Thus, at the present time, it is clear that male lobsters produce spermatophores
that vary widely in terms of size and the number of sperm cells, but the factors underlying these
differences in spermatophore contents remain unclear, and are an important topic for future
research.
Of the 12 lobsters tested, 11 produced spermatophores from their left gonopore during all
four sampling events. The one lobster that failed to produce a spermatophore had the failure
occur during the fourth sampling period (12 days after the initial sampling), and was dissected to
examine the testes and vas deferens, as failure to produce a spermatophore during
electroejaculation is often due to a lack of sperm in the vas deferens (Kooda-Cisco and Talbot,
1983). The left side, subject to repeated spermatophore extraction, weighed 0.333 g, while the
right side, which had not been producing spermatophores repeatedly, weighed 0.425 g. Thus, the
failure to produce a spermatophore could have been due to sperm depletion. However, this
appeared to be an exception because no other lobster showed evidence of a failure to produce
sperm. The fact that only spermatophores from the left gonopore, and not the theoretically
independent right gonopore, were collected throughout the experiment means that depletion on
one side would not necessarily prevent mating. It is unknown whether male lobsters use one
gonopore preferentially, or use the two gonopores sequentially in successive matings.
Regardless of whether the lack of sperm depletion across successive spermatophores is
due to rapid recharge of sperm reserves, or reflects stored sperm in the vas deferens, it suggests
that male lobsters are likely capable of inseminating at least eight females within the space of
two weeks without any, or very little, sperm depletion. This is consistent with previous reports
suggesting male lobsters are capable of mating with many females within a relatively short time
window (Pugh, 2014; Waddy et al., 2017). Therefore, the rate limiting factor for lobster
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reproduction is probably the overall mating behavior which includes a period of cohabitation
with a female post-copulation. If multiple females undergo simultaneous molts, a single male
may not mate with all the potentially receptive females present (Pugh, 2014; B Gutzler, personal
observation).
In a limited preliminary trial during the winter, three lobsters were sampled three times
each over the course of four days (baseline, two days later, and four days later), and each
experienced a nearly 50% decline in sperm count at each sampling (B Gutzler, unpublished data).
Male lobsters produce sperm throughout the year, suggesting that seasonal variation is likely not
the cause of this discrepancy (Kooda-Cisco and Talbot, 1983; Aiken and Waddy, 1986; Comeau
and Benhalima, 2018). It may instead be reflective of a nutritional requirement that was not met
for those animals that were held in the laboratory for some time prior to the trial (Talbot et al.,
1983; Aiken et al., 1984). However, caution should nevertheless be taken if conducting studies of
reproductive systems during times of year when animals are not typically reproductively active.
The ability of crustacean species to withstand the pressures of fisheries exploitation as
well as the impacts of climate change without incurring reproductive failures remains to be fully
understood. The apparent lack of sperm depletion in H. americanus stands in stark contrast to
what is seen in other decapod species, and certainly deserves further study. Fortunately,
improved techniques, such as the one presented here, will make future studies of lobster
reproductive physiology faster and easier and thus accessible to a broader group of scientists.
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CHAPTER 3

THE IMPACT OF SHELL DISEASE ON AMERICAN LOBSTER MATING AND
REPRODUCTION

ABSTRACT
Epizootic shell disease in American lobsters associated with warmer water temperatures
has been linked to the collapse of the lobster fishery in Southern New England, but the
mechanism by which this decline has occurred is unclear. In this study, I tested the impact of
shell disease on lobster mate choices and sperm allocation to determine if shell diseased lobsters
are less attractive mates. In controlled no-choice mating trials, most pairings mated successfully,
but healthy and scarred males passed a smaller volume of sperm to severely diseased females
than to other females. In separate mesocosm mate choice trials with two females of different
disease states, male lobsters showed no preferential choice in mate, nor was there evidence for
differential allocation of sperm. Instead, the first female to molt was the first to mate, and
differences in the amount of sperm passed to each female appeared to be linked to the number of
days between the molts of the two females. These data, taken together, indicate that shell disease,
when severe, could impact American lobster reproductive output, both in terms of mating
behavior and with regard to sperm allocation by males. However, much remains to be learned
about the cues driving male mate choice and sperm allocation in lobsters.
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INTRODUCTION
Climate change is causing severe alterations to marine ecosystems, including changes in
species distribution, phenology, and resilience (Hoegh-Guldberg and Bruno, 2010; Poloczanska
et al., 2013; Bryndum-Buchholz et al., 2019; IPCC, 2019). In commercially exploited species,
such changes are likely to require informed and active management measures to sustain healthy
populations and prevent crashes in others (Mills et al., 2013). Changes in abundance and
demography in other parts of a species’ range may offer a window into how climate change will
affect population dynamics and long-term sustainability of a species (Anderson et al., 2009).
The American lobster (Homarus americanus) fishery offers an example of this
phenomenon. In the Gulf of Maine (GOM), stock abundances of mature lobsters are at a time
series-high, while in Southern New England (SNE), the lobster stock has collapsed (ASMFC,
2015). The causes of the SNE collapse are uncertain, but epizootic shell disease (ESD) linked to
warming water temperatures has been implicated as a potential culprit (Wahle et al., 2009;
Howell, 2012; Shields, 2019). ESD in American lobsters manifests as pits or lesions on the
carapace, starting as small spots and then progressing in some cases to cover nearly the entire
body (Smolowitz et al., 2005; Castro et al., 2012; Gomez-Chiarri and Cobb, 2012). ESD has
been rampant in SNE since its prevalence dramatically increased during the late 1990s, and work
linking this increase to the collapse of the nearshore lobster fishery in Rhode Island and in Long
Island Sound has heightened concerns about its impact to the population (Wahle et al., 2009;
Shields, 2012). Currently, a third or more of lobsters in some areas of SNE typically show some
degree of ESD, and large mature females are particularly susceptible (Glenn and Pugh, 2006;
Castro and Somers, 2012; Gomez-Chiarri and Cobb, 2012; Hoenig et al., 2017). Despite this,
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surprisingly little is known about the nature of ESD, or its overall effects on the population.
Understanding the effects of warmer waters, in combination with ESD, on lobster populations
may provide a window into the future of lobster stocks at higher latitudes as the climate
continues to change.
No specific causative agent has been identified for ESD, though the flavobacterial species
Aquimarina macrocephali subsp. homaria has been identified as the most abundant member of
the bacterial community present in the lesions of diseased lobsters (Feinman et al., 2017; Quinn
et al., 2017). The disease may be better considered a syndrome of stressed and compromised
individuals (Castro et al., 2006; Castro et al., 2012; Gomez-Chiarri and Cobb, 2012). Other
lobster diseases such as idiopathic blindness and necrotizing hepatopancreatitis have been
similarly linked to stressful environmental conditions, particularly in SNE (Shields et al., 2012;
Shields, 2013) ESD prevalence and severity increases with warmer temperatures (Glenn and
Pugh, 2006; Barris et al., 2018; Groner et al., 2018), suggesting that the effects of the disease are
likely to be exacerbated by climate change-induced thermal stress. Direct mortality from ESD
appears to be largely linked to impairment of successful molting (Stevens, 2009), and although
no direct link between ESD and reduced recruitment has yet been shown, the addition of a
disease term was required to maintain an adequate fit between observed data and larval
settlement-fishery recruit models in SNE (Wahle et al., 2009; Oppenheim et al., 2019). Of major
concern is the fact that regional larval settlement indices have been in decline for some years
(ASMFC, 2015). If ESD has an impact on lobster reproduction, it may help explain, at least in
part, the trend of declining recruitment in SNE (Hoenig et al., 2017; Oppenheim et al., 2019).
ESD could impact lobster reproduction in several ways. First, egg or sperm quality may
be compromised (chemically, physiologically, or morphologically) in severely shell diseased
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lobsters (Comeau and Benhalima, 2009; Miller et al., 2013; Shields et al., 2012) and, because
prolonged exposure to thermal stress also alters the quantity of sperm males produce per
spermatophore (Talbot et al., 1983; Aiken et al., 1984), it is possible that shell disease might also
reduce the quantity of sperm males produce. However, males are less likely to have severe cases
of ESD, and the effects on the quality of females as mates may be more pronounced. The overall
goal of the research summarized in this Chapter of my dissertation was to test the hypothesis that
ESD might reduce the likelihood that lobsters will cohabitate and mate, or change the manner in
which male lobsters allocate sperm.
Diseases or infections can have substantial impacts on mate choices by both males and
females (Beltran-Bech and Richard, 2014). Males capable of detecting disease in prospective
mates may either not mate with diseased females (Bollache et al., 2002; Deaton, 2009), or
allocate fewer sperm to diseased females if they do mate (Moreau et al., 2001; Dunn et al., 2006;
Khan and Prasad, 2013) Sperm allocation based on mate size or quality has been documented in
other decapod species such as spiny lobsters and anomuran crabs (MacDiarmid and Butler, 1999;
Sato and Goshima, 2007; Suzuki et al., 2012). Male lobsters vary widely in the amount of sperm
within a single spermatophore, and likely allocate more sperm to larger females, indicating the
potential for sperm allocation based on mate quality (Gosselin et al., 2003; Pugh et al., 2015).
This raises the question of whether male lobsters may perceive shell diseased females as being of
a lower quality than healthy females, and thus allocate fewer sperm to diseased females.
If male lobsters perceive ESD to be an indication of a lower-quality mate, and if this
leads to changes in sperm allocation, this could be one reason why the SNE population is
experiencing a large drop in new recruits. In SNE, large females that would ordinarily be
considered high quality mates are also very likely to have shell disease when they are ready to
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molt and mate, and this may impact their desirability as mates. If male lobsters are capable of
recognizing shell disease on conspecifics, it is possible that even if there were no direct loss of
fitness attributable to mating with shell diseased females, such females would be perceived as
lower quality and thus less likely to be selected as a mate or receive less investment of gametes
(Reinhold et al., 2002; Wedell et al., 2002; Kokko et al., 2003; Adamo and Spiteri, 2009;
Beltran-Bech and Richard, 2014). Consequently, understanding how mate choices may be
affected by shell disease is a key part of assessing the potential reproductive impacts of shell
disease.
Although there appears to be no olfactory aversion to ESD in intermolt lobsters (Rycroft
et al., 2012), it is unknown whether shell disease makes potential mates seem less desirable. For
this Chapter of my dissertation, I tested the hypothesis that female lobsters with shell disease are
less attractive mates, and consequently male lobsters will either not mate with diseased females,
or will provide diseased females with fewer sperm than healthy females.

METHODS
During the summers of 2017 and 2018, mature lobsters (carapace length (CL) 72-104
mm) from the SNE stock (south of Cape Cod) were obtained from commercial lobster fishermen
via the Massachusetts Division of Marine Fisheries (MADMF) and transported to the University
of New Hampshire Coastal Marine Laboratory (CML) in New Castle, NH. Lobsters were tagged
around the knuckle of the cheliped with individually-numbered plastic tags. Prior to use in
experiments, lobsters were segregated by sex in tanks continuously supplied with flow-through
seawater (temperature range ~12-22ºC; salinity ~32 psu), under a naturalistic light:dark cycle
maintained by lights on an astronomical timer. While being held before trials, lobsters were fed
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ad libitum twice weekly with herring (Clupea harengus). The molt stage of each female lobster
was assessed on a weekly basis by snipping the tip of a pleopod and examining it under a
microscope (Aiken, 1973). While male lobsters were not pleopod staged, no obviously premolt
males (determined by visual inspection) were used in trials. The shell disease or scarring status
of each lobster was assessed categorically by MADMF personnel based on the proportion of
carapace area covered by active disease lesions or scars indicating shell disease prior to the last
molt (Table 3.1). Although few healthy females were available from SNE, and sample sizes were
consequently limited, lobsters from other stocks where shell disease is not as prevalent
experience different environmental conditions and reach maturity at different sizes. The
exclusive use of SNE lobsters thus prevents any confounding effects of region on mating
behavior, and ensures all lobsters had been exposed to a similar array of potential stressors.

Table 3.1. Definitions used in assigning lobsters to shell disease states.
Disease state

Assessment criteria

Healthy

No active disease or scars

Scarred

No active disease; scars present from disease lesions prior to last molt

Mild disease

Active disease covering < 10% of dorsal carapace

Moderate
disease
Severe disease

Active disease covering 10 – 50% of dorsal carapace
Active disease covering >50% of dorsal carapace

No-choice mating trials
A total of 64 mating trials were conducted, during which one male lobster was paired
with one female lobster. The disease state of each lobster was recorded prior to the start of the
trial, considering all stages of active disease to be equivalent when assigning pairings (Table 3.2).
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Trials were conducted in 0.9 x 0.9 m square acrylic tanks, provisioned with a single shelter large
enough to allow cohabitation of two lobsters. The shelter consisted of two concrete blocks (10
cm x 20 cm x 41 cm) supporting a 50 cm x 50 cm patio tile “roof”, positioned against the side of
the tank. Three sides of the tank were covered with black plastic sheeting to reduce outside
visual stimuli, while the side with the shelter was clear to allow a time-lapse video camera
(TLC200 Pro, Brinno Inc., Taipei City, Taiwan) to observe activity inside the tank and shelter.
Each tank was continuously illuminated by a red light to allow the camera to record throughout
the night. The bottom of the tank was lined with gravel substratum to provide better purchase for
the lobsters’ periopods. Prior to the start of each mating trial, the tank was thoroughly cleaned
using a gravel siphon and flushing with seawater to minimize the possibility that any potential
cues from previous trials remained present, and live mussels (Mytilus edulis) were scattered in
the tank for food.. In 2017, 34 trials were conducted, and in 2018, 30 trials were conducted
(Table 3.2).
Premolt females (pleopod stage ≥ 4.5; molt stage ≥ D2; (Aiken, 1973)) were matched
with appropriately sized males (of ~10% larger CL). The chelae of all animals were unrestrained
throughout the trials. The male lobster was introduced to the tank first and allowed to occupy the
shelter prior to the introduction of the female. Tanks were checked daily and the video footage
used to determine whether or not molting and/or mating had taken place. After mating, the
female was held in isolation for 2-4 days to allow her carapace to harden, then euthanized by
rapid chilling and dissected to remove the seminal receptacle. Receptacles were fixed for 14 days
in Bouin’s solution, then rinsed and stored in 70% ethanol. Each male lobster was used in only
one trial.
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Table 3.2. No-choice mating trials conducted by year and disease state of the lobsters. All
degrees of active disease were considered equivalent when assigning lobsters to trials.
Trial type

Year

Total

2017

2018

Healthy male + healthy female

0

1

1

Healthy male + scarred female

0

1

1

Healthy male + diseased female

16

17

33

Scarred male + healthy female

0

1

1

Scarred male + scarred female

1

0

1

Scarred male + diseased female

12

7

19

Diseased male + healthy female

0

2

2

Diseased male + diseased female

5

1

6

Total

34

30

64

Mate choice trials
To test whether female lobsters with shell disease were less desirable mates, 13 mate
choice trials were conducted during which a single male lobster was matched with two female
lobsters with different disease states (Table 3.3). The mate choice trials were conducted in 2 m
diameter round fiberglass tanks, illuminated by red lights. Time lapse videos of each trial were
obtained with the same Brinno cameras described above. A primary shelter, constructed as in the
single pair mating trials, was provided for a single male lobster, while two smaller shelters made
of semicircular sections of 20 cm diameter PVC pipe were provided for the two female lobsters.
The tanks were otherwise prepared like those used for the no-choice mating trials.
Each mate choice trial was conducted using two female lobsters of equivalent molt stages
and size (within ± 0.5 pleopod stages and ± 3 mm CL), but of different disease states (Table 3.1)
and one appropriately sized healthy male (~10% larger CL than the females to ensure that the
males were able to successfully mate (Pugh, 2014)). Using females of equivalent molt stages
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allowed me to test whether a male would choose one female over the other if their molts were
synchronous. At least two of the lobsters were marked so they could be distinguished on video.
Markings were either painted on the dorsal surface of the carapace or chelae using white nail
polish mixed with superglue, or marked with a rubber claw band pushed up on a chela past the
joint of the dactyl. Tanks were checked daily, and the order in which the female lobsters molted
and mated was recorded. The trial was continued until both females had mated, at which point
they were euthanized and dissected to remove the seminal receptacles, as described above.

Table 3.3. Mate choice trials conducted by year and shell disease state of the lobsters.
Trial type

Year

Total

2017

2018

Healthy male + healthy female + scarred female

0

1

1

Healthy male + healthy female + diseased female

0

2

2

6

0

6

3

0

3

1

0

1

10

3

13

Healthy male + mildly diseased female +
moderately/severely disease female
Scarred male + mildly diseased female +
moderately/severely disease female
Diseased male + mildly diseased female +
moderately/severely disease female
Total

Histological processing and analyses
Staining and mounting of the receptacles was conducted at the Canadian Department of
Fisheries and Oceans laboratory in Moncton, New Brunswick. Each receptacle was serially
sectioned on a rotary microtome at a thickness of 6 µm, mounted on slides, stained with
modified Masson’s trichrome, and then covered with glass coverslips. Slides were then shipped
to UNH and each section containing sperm was viewed with a dissecting microscope at 10X
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magnification and photographed. A subsampling protocol developed by collaborators determined
a priori that analyzing 15% of the photographed sections (every sixth section in order) would
allow sufficient precision to estimate the volume of sperm within each receptacle (T Pugh, T
Surette, M Comeau, M Mallet, and K Benhalima, personal communication). Images of every
sixth section of each receptacle were imported into Photoshop CS5.1 (Adobe, San Jose, CA), and
the “Magic Wand” tool was used to select all regions of sperm present in the section. If a section
was damaged, the closest good section was substituted. Any receptacle that was too damaged to
measure all sperm pockets present was excluded from the analyses. Discounting the receptacles
which contained no sperm, the number of 6 µm histological sections per receptacle ranged from
65 to 389, with a mean of 230 ± 72 sections per receptacle (mean ± SD). In total, from 85 spermcontaining receptacles, there were 19,518 sections, of which 3,256 were analyzed to determine
the total volume of sperm in each receptacle (38 ± 12 sections per receptacle, mean ± SD).
The “Analyze Particles” tool in Fiji (Schindelin et al., 2012) was used to measure the area
of the sperm on every sixth section from the receptacle, then R 3.5.2 (R Core Team, 2018) and
RStudio 1.1.463 (R Studio Team, 2016) were used to linearly interpolate the area of sperm
present on the sections which were not directly measured. I then added these values together to
determine the volume of sperm in the whole receptacle. In cases where cohabitation occurred but
no ejaculate was present in the receptacle, or the female was available to mate (survived her
molt) but the male did not allow cohabitation, a volume of 0 mm3 of sperm was indicated for the
trial. Although this is not a true measure of sperm allocation, this allowed inclusion of the choice
to not mate (i.e. allocating zero sperm) as part of a continuum of responses to differences in the
perceived quality of potential mates.
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A preliminary ANCOVA run on the no-choice trial data tested whether male size or
disease state affected the volume of sperm passed, using male disease state (Table 3.1) as the
factor of interest and CL as a covariate. The results of the no-choice trials were analyzed in SPSS
26 (IBM, Armonk, NY) using a one-way ANOVA, with sperm volume as the response variable
and female disease state as the factor of interest, with homogeneous subsets determined using a
Ryan-Einot-Gabriel-Welsh F post hoc test. In all cases, the data were rank-transformed to avoid
violations of the parametric assumptions (Conover and Iman, 1981).
The mate choice trial results were analyzed using general linear mixed models in R 3.5.2
(R Core Team, 2018) and RStudio 1.1.463 (R Studio Team, 2016) using the packages lme4
(Bates et al., 2015) and bbmle. Linear mixed models were fit to these data using maximum
likelihood ratios to examine the association between the volume of sperm provided to each
female and relative disease state (healthier or more diseased) and mating order (first or second)
as fixed factors, and individual male as a random factor. Model performance was assessed using
AICc values. Because the data did not meet parametric assumptions, the models were fit to the
ranks of sperm volume, but comparisons with models fit to the raw data indicated identical
trends, suggesting the transformation did not alter the conclusions.

RESULTS
No-choice trials
Of the 64 no-choice trials completed, the lobsters successfully mated (based both on the
videos and the presence of an ejaculate in the seminal receptacle) in 60 of them (94%). The four
trials in which no mating occurred all involved at least one lobster (male or female) with
moderate or severe disease. In two of these trials (one involving a healthy male and a moderately
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diseased female, the other involving a moderately diseased male and a mildly diseased female),
the female never cohabited with the male and molted outside the shelter. In one trial with a
mildly diseased male and a moderately diseased female, the female attempted cohabitation, but
was attacked and eaten by the male prior to molting. Despite these four failures, 41 of 45 (91%)
of trials involving at least one moderately or severely diseased lobster resulted in successful
mating, and 5 of 7 (71%) of the trials in which both the male and female were actively diseased
resulted in successful mating.
There was no significant effect of male disease state or male size on the volume of sperm
passed to females during mating (Figure 3.1, Table 3.4). Thus, male size was not considered as a
factor, and data from males with shell disease scars (but not active disease) were pooled with
data from healthy males for subsequent analyses. Likewise, females with scars (but not active
disease) were pooled with healthy females for the purposes of statistical power due to the paucity
of healthy females available (n = 4). Although no significant difference was found between the
volume of sperm passed by healthy males and males with active shell disease, the actively
diseased males (n = 8) were excluded from further analyses of sperm volume to be conservative
due to the small sample size.

Table 3.4. Results of ANCOVA examining the effects of male size (CL) and disease state on the
amount of sperm passed to females in the no-choice mating trials.
Source
Disease state

df
4

MS
605.185

F
2.031

p
0.614

CL

1

76.617

0.257

0.103

Error

55

297.992

Total

61
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Figure 3.1. Volume of sperm passed to females by male disease state in the no-choice mating
trials. Whiskers represent the extent of data within 1.5 IQR, and outliers are represented as dots.
Numbers within the boxes indicate the number of lobsters in each group. There were no
significant differences between groups (Table 3.4).

There was considerable variability between males of the same disease state in the volume
of sperm passed to females regardless of disease state (Figure 3.2). However, healthy or scarred
male lobsters transferred a significantly smaller volume of sperm to severely shell diseased
females than to other females (Figure 3.3; Table 3.5). Although not statistically distinct, there
appears to be a distinction between moderate or severely diseased females and females which are
healthy, scarred, or have only mild disease. Of the moderately or severely diseased females, 57%
received less than 5 mm3 of sperm, while only 21% of healthy, scarred, or mildly diseased
females received less than 5 mm3 of sperm.
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Figure 3.2. Examination of potential interactive effects of male and female disease states on the
volume of sperm passed during mating in the no-choice trials. Each point represents one
receptacle. Note the high degree of variability within each male x female disease state
combination. Data from actively diseased males were not included in further analyses due to the
small sample size.

Table 3.5. Results of ANOVA examining the effects of female disease state on the amount of
sperm passed by healthy or scarred males in the no-choice mating trials.
Source
Disease state

df
3

MS
868.411

Error
Total

52
56

231.236

F
3.756

p
0.016
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Figure 3.3. Box and whisker plot depicting the effect of female disease state on the volume of
sperm passed by healthy or scarred males in the no-choice mating trials. Whiskers represent the
extent of data within 1.5 IQR, and outliers are represented as dots. Numbers within the boxes
indicate the number of lobsters in each group. Homogeneous subsets as determined by REGWF
post hoc test are connected by lines at the top.
Mate choice trials
No clear pattern of sperm allocation was observed in the choice trials, and the null model
including only a random factor of male identity was the best performing model as determined by
AICc (Figure 3.4, Table 3.6). Of the 13 trials analyzed, the more diseased lobster received more
sperm roughly half the time (46%). The first lobster to molt mated first in 11 of the 13 trials, and
in the two trials where this did not occur, the male was already cohabiting with the other female,
who molted two days later. Cohabitation was not always a prerequisite to successful mating. In
one trial, the male was cohabiting with the first female to molt and mate, when the second female
molted one day later. The male made an excursion into the second female’s shelter and mated
with her prior to returning to his shelter and the first female.
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Table 3.6. Model selection using AICc conducted on the mate choice trial data (n = 13),
examining the effects of relative health on sperm volume allocated. Models are ordered from
best supported to least supported. For each constructed model, fixed effect terms are denoted
with underlines, and random effect terms are italicized. Note that although models were fit to the
rank-transformed sperm volumes, the coefficient estimates were generated using the raw values.
Models were compared relative to a null model consisting of only a random effect of male ID. Δ
AICc: AICc of given model minus AICc of best model. wi: weight of model relative to the other
candidate models considered; wi sums to 1 across all models considered. Evidence ratio: ratio of
the best-supported model weight to each other model weight.
SE of
Coefficient
estimate
estimate of
of
relative
relative
health
health

Model

Loglikelihood

AICc

ΔAICc

wi

Evidence
ratio

male ID
(null model)

-88.0

183.1

0

0.486

-

-

-

relative heath
+ male ID

-87.6

185.0

1.9

0.186

2.61

-1.84

1.48

molt order
+ male ID

-87.7

185.3

2.2

0.164

2.96

-

-

relative health
+ molt order
+ male ID

-87.3

187.6

4.5

0.052

9.35

-1.80

1.48

One of the two available females did not successfully mate in three trials. In each of these
cases, both females in the trial molted within two days of each other. In two of these instances,
the female who did not receive any sperm subsequently occupied the shelter with the male after
molting, but still failed to successfully mate, while the third never cohabited at all. The
difference in sperm allocated to each female in cases where both females mated successfully
declined (i.e. allocations became more similar) as the length of time between molts increased
(Figure 3.5).
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Figure 3.4. Volume of sperm passed to females in the mate choice trials according to order of
molting and mating. Whiskers represent the extent of data within 1.5 IQR.

In the ten trials where both females did successfully mate, when both females were of
similar disease states (within one category of each other), the mean difference in sperm between
mates tended to be less than cases where the two females were at least two categories apart,
though this difference was not statistically significant (Figure 3.6; Mann-Whitney U test, p =
0.095).
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Figure 3.5. The difference between the volumes of sperm received by the two females in each of
the choice trials as a function of time between molts. Positive values (above the dashed line)
indicate the healthier female received more sperm, while negative values (below the dashed line)
indicate the diseased female received more sperm. The black points indicate cases where only
one female received sperm (n = 3).
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Figure 3.6. Comparison of volumes of sperm received by the two females in each of the choice
trials in cases where the two females were of similar disease states, or more distinctly separated
disease states. Whiskers represent the extent of data within 1.5 IQR, and outliers are represented
as dots. Numbers within the boxes indicate the number of trials in each group. There were no
significant differences between groups (Mann-Whitney U test, p = 0.095).

DISCUSSION
The trajectory of American lobster populations has been watched uneasily for the past
several years. The SNE fishery has collapsed and fewer young-of-year recruits are found by
surveys throughout the range (ASMFC, 2015) The causes of these changes are still uncertain, but
warmer waters are implicated in increasing the prevalence and severity of ESD in these regions
(Gomez-Chiarri and Cobb, 2012; Shields, 2019). The data presented in this Chapter suggest that,
at least in severe cases of shell disease, reductions in reproductive output are possible (Figure 3).
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Many fished crustacean species have protections for large reproductive females, but
fewer protections exist for large males, leading to concerns of sperm limitation (Sato, 2012; Pugh,
2014; Pardo et al., 2015; Ogburn, 2019). Historically, many studies of mate choice have been
concerned primarily with female mate choice, as eggs are more costly to produce, and sperm are
considered limitless. A more recent appreciation for the role of male choice in mating has shown
that male mate choice may be commonplace in some taxa, and can have substantial impacts on
sperm allocation (Bonduriansky, 2001; Reinhold et al., 2002). The results of this study suggest
that shell disease may play a role in reducing the amount of sperm available to female lobsters in
SNE, which could lead to a reduction in overall population fecundity and be one reason for the
connection between a decline in larval recruitment and increasing shell disease prevalence in
SNE (Wahle et al., 2009).

Shell disease does not prevent mating
Disease state appears to have a limited impact on whether lobsters will mate in most
cases. Even when both lobsters in the no-choice trials were actively diseased, mating occurred in
more than 70% of cases. From an evolutionary standpoint, if a male mating with more females
does not impose a fitness cost of its own, it would seem akin to buying more lottery tickets –
most might not win, but you have more chances to play the game. Although a mate may be of
lower quality, the chance to pass genes to offspring should not be passed up as long as there are
no substantial costs associated with such matings (Bonduriansky, 2001; Barry and Kokko, 2010;
Reading and Backwell, 2007). However, increasing sperm investment in higher-quality mates
(i.e., without shell disease) may be more likely to be rewarded, as diseased females may molt to
escape the disease and lose a clutch of eggs in the process. Therefore, given a choice, males

51

might be expected to choose to mate with a healthy female over a diseased female, if there is, in
fact, a fitness benefit to such matings.

Shell disease may influence sperm allocation
Cryptic male choice occurs when males vary their reproductive investment in accordance
with differences in the quality of prospective mates (Reinhold et al., 2002). The results of the nochoice mating trials suggest that, although male lobsters will mate with shell diseased females,
they may pass a smaller volume of sperm during such matings. This provides the first direct
evidence for disease as a cause of cryptic male choice in decapods, and supports the notion that
shell disease may play a role in reducing the fecundity of lobster populations in areas of high
disease prevalence.
The results of this study suggest that severely diseased females are most likely to
experience reductions in sperm allocation. Large females are particularly prone to severe shell
disease due to their prolonged intermolt periods (Castro and Angell, 2000; Glenn and Pugh,
2006; Hoenig et al., 2017). These large females may already be experiencing difficulties in
obtaining sufficient sperm to fertilize all their eggs (Gosselin et al., 2003). Up to 50% of
ovigerous females in some regions of Atlantic Canada have been observed with abnormally
small clutches of eggs attributed to sperm limitation (Tang et al., 2018; Tang et al., 2019). It
therefore seems possible that the larger female lobsters who should contribute disproportionately
to future recruitment are instead being hit from two directions at once, losing both their health
and their offspring. However, the results of the no-choice trials do not tell the full story, as
exemplified by the results of the mate choice trials.
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Shell disease does not appear to impact mate choice
Selection for male choosiness and differential mating investment is predicted to increase
in contexts where the investment requires use of limited resources, whether physical or temporal
(Bonduriansky, 2001). Therefore, differential sperm allocation should occur more frequently as
variance in mate quality increases (Galvani and Johnstone, 1998; Reinhold et al., 2002; Nandy et
al., 2012), but no pattern of sperm allocation emerged in the mate choice trials (Figure 3.4, Table
3.6). A potential explanation lies in the interactive effects of mate quality evaluation and the
order of mating. Males would always mate with the female that cohabited first, regardless of her
health. The threshold for mate switching to occur can be high (Galipaud et al., 2015; Wong and
Jennions, 2003), and male lobsters may not perceive the quality of diseased females to be poor
enough to reject an opportunity to mate.
Although it appears that male lobsters are able to regenerate their sperm reserves rapidly
(Waddy et al., 2017; Chapter 2), highly synchronous female molts may cause failure to mate
(Pugh, 2014; Waddy et al., 2017). The majority of lobster mating occurs within an hour of the
female’s molt, and though intermolt mating is possible, it is likely rare (Waddy and Aiken, 1990).
It therefore seems likely that the timing of the female’s molt is the most influential factor in
determining whether mating will occur, and potentially drive sperm allocation or a lack thereof.
In cases where multiple females are present, the imperative for a male to be available (not
cohabiting with another female) at the time of the female’s molt may override a more selective
approach to sperm allocation. In cases where more than one female is available to a single male,
such as the conditions in the choice trials, there may be an impetus to ensure that some sperm is
conserved for future matings (Rondeau and Sainte-Marie, 2001; Wedell et al., 2002).
Simulations of sperm allocation strategies suggest that the first female to mate should receive
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more sperm than subsequent matings, though variance in mate quality may interact to alter
allocation (MacDiarmid and Butler, 1999; Reinhold et al., 2002; Hooper et al., 2016), and the
potential for sequential matings may alter the strength of observed mate preferences (Barry and
Kokko, 2010; Dougherty and Shuker, 2015). Situations where high variance in mate quality
exists can reduce the degree to which sperm is optimally allocated to initial matings, as a hedge
against another, higher quality mate becoming available (Galvani and Johnstone, 1998; Reinhold
et al., 2002). Thus, although the conditions for highly selective sperm allocation may
theoretically exist, the context in which the trials were conducted may have been such that any
sperm allocation strategy was masked by the timing of the two females’ molts and the degree to
which their disease states varied. Also, if there are costs to the male involved in modifying the
ejaculate provided to a specific female, it may lead to situations in which differential sperm
allocation may in fact be maladaptive and it could be better to forgo attempts to optimize the
volume of sperm provided to a mate (Kelly and Jennions, 2011).
An alternate hypothesis to explain the apparent failure to allocate sperm optimally in the
choice trials might be that the males were unable to detect a difference in female health, or that
the lobsters are responding to a cue other than shell disease. The effects of shell disease on
lobsters include changes in gene expression, metabolic shifts, and necroses in the hepatopancreas
(Shields et al., 2012; Tarrant et al., 2012; Shields, 2013). These changes are difficult to observe
via visual inspection, but could lead to changes in the odor cues lobsters use to communicate
with conspecifics (Breithaupt et al., 1999; Bushmann and Atema, 2000). Although the choice
experiments were conducted in relatively large aquaria with flowing seawater, it is also possible
that the tanks retained enough of the chemical cues from both females to prevent the male from
distinguishing the more diseased female from the less diseased. Conversely, the no-choice trials
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offered no such confusion, and the male was able to fully assess the female and allocate the
“appropriate” amount of sperm. Behavioral mechanisms in lobster courtship should act to
improve the assessment of mates, as the characteristic “knighting” behavior immediately prior to
the female molting is thought to be related to ensuring female odor cues are unmistakably
directed at the male’s chemosensory apparatus (Atema, 2018). No abnormal behaviors were
observed in the trials, regardless of disease state. As lobsters are able to construct and maintain
social hierarchies using odor cues in laboratory trials, it seems unlikely that “tank confusion”
would be solely responsible for the difference in results between the no-choice and mate choice
trials (Atema and Steinbach, 2007).

How does disease-related sperm allocation occur?
The reduction in sperm passed to severely diseased females in the no-choice trials
indicates that some mechanism might exist for assessing disease state in conspecifics. Previous
work found no recognition of ESD based on olfaction in intermolt female lobsters (Rycroft et al.,
2012), but females are unlikely to seek out males until preparing to molt and this result is
therefore unsurprising. Bacteria can alter mate choice via changes in cuticular hydrocarbon odor
profiles in other arthropods (Sharon et al., 2010; Richard, 2017). ESD lesions contain several
orders of magnitude more bacteria than do healthy regions of lobster carapace (Chistoserdov et
al., 2005; Bell et al., 2012; Whitten et al., 2014). Although most bacteria associated with lesions
are also found on healthy carapaces, characteristic bacterial community assemblages may exist
(Meres et al., 2012; Feinman et al., 2017). Thus, it seems conceivable that the period of close
contact between male and female associated with cohabitation would allow better recognition of
any chemical signals of shell disease, if such detection is possible.
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The mechanisms by which male lobsters are able to vary the size and composition of
their spermatophores or ejaculates remain unclear. Ejaculates containing no sperm can be
obtained via electroejaculation, indicating that the production of an ejaculate is not inherently
linked to the production of sperm (Aiken et al., 1984). The packaging of sperm into the ejaculate
is accomplished in the vas deferens, where a sphincter acts to separate a “packet” from a
continuous flow of sperm from the testes, then push the completed ejaculate through the terminal
end of the vas deferens and out the gonopore (Kooda-Cisco and Talbot, 1983; Comeau and
Benhalima, 2018). This sphincter in the fourth segment of the vas deferens exists near a
muscular “bulge” thought to be involved in extruding the completed ejaculate, but is in a location
where it would also be well-placed to adjust the amount of sperm packaged in a single ejaculate
according to perceived mate quality. As the two gonopores are thought to operate independently,
it would seem that male lobsters should be able to mate with at least two females in short
succession. However, studies of lobster ejaculate production using electroejaculation have
consistently found that two ejaculates are not always extruded (Kooda-Cisco and Talbot, 1983;
Talbot et al., 1983; Aiken et al., 1984; Pugh et al., 2015). The causes of this phenomenon are
unknown, but deserve further study. If some males have two ejaculates “at the ready” and some
only have one, it would help explain why, in the mate choice trials, some of the males could pass
equal volumes of sperm to females within just a few days, and some had substantial
discrepancies in sperm volume between the two mates.
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CHAPTER 4

OCEAN ACIDIFICATION MAY IMPAIR THE RESPONSES OF AMERICAN
LOBSTERS TO FOOD ODORS

ABSTRACT
Ocean and coastal acidification (OCA) pose a variety of threats to marine invertebrates,
including American lobsters. While most of the studies with lobsters have focused on the
impacts of OCA on physiological and developmental processes, especially in larval stages,
reports of the effects of OCA on other decapod crustacean species suggest that it could also have
impacts on juvenile or adult lobster behavior. The overall objective of the experiments presented
in this Chapter was to investigate how OCA may alter lobster olfaction. Specifically, I compared:
1) the time it took lobsters to respond to food (lobster bait) before and after the pH of the
seawater was reduced; and 2) the length of time lobsters spent handling the bait after locating it.
Although the overall activity levels of lobsters did not change under acidified conditions, in two
sets of experiments, lobsters tended to take longer to locate food under acidified conditions than
under ambient conditions, though not significantly so. Furthermore, by using a novel
accelerometer-based assay to quantify the amount of time they handled the food, I determined
that once lobsters located food, acidification did not influence the total time spent handling it.
Though limited by low statistical power, these results suggest that distance chemoreception may
potentially be affected by OCA more than contact chemoreception. Moreover, these impaired
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olfactory abilities could have significant consequences both for lobster foraging success and the
efficacy of the baited traps used in the commercial fishery to capture them.

INTRODUCTION
Anthropogenic climate change is stressing marine ecosystems through several distinct but
interconnected pathways, including warmer temperatures, increased frequency of extreme
weather events, and acidifying waters (Hoegh-Guldberg and Bruno, 2010; Doney et al., 2012;
Poloczanska et al., 2013; Poloczanska et al., 2016; Pershing et al., 2018a; Bryndum-Buchholz et
al., 2019). Ocean and coastal acidification (OCA) results from increased atmospheric
concentrations of CO2 leading to an increased partial pressure of CO2 (pCO2) in seawater (Jewett
and Romanou, 2017). This alters the chemical equilibria balancing the concentration of
carbonate species (i.e. increasing the concentration of bicarbonate, HCO3–, over the carbonate,
CO32–, used by many calcifying organisms for shell formation), favoring increased dissociation
of hydrogen ions and a concomitant decline in pH (Dore et al., 2009). Globally, this is acting to
reduce the pH of the open oceans from an ambient value of ~8.1 to a projected value of 7.7-7.9
by 2100 (Feely et al., 2009; Dore et al., 2009; Gattuso et al., 2015). These chemical changes may
impact organisms in ways ranging from shell dissolution to behavioral impairment (Byrne, 2011;
Denman et al., 2011; Briffa et al., 2012; Ashur et al., 2017).
The Gulf of Maine may experience disproportionate impacts from OCA, as it has limited
buffering capacity due to a high degree of freshwater input coupled with a complex suite of
biophysical interactions driving carbonate chemistry (Gledhill et al., 2015; Salisbury and Jönsson,
2018). As a region heavily dependent on shellfish resources, the effects of OCA on species of
economic importance are a grave concern (Cooley and Doney, 2009; Strong et al., 2014;
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Ekstrom et al., 2015). As yet, however, surprisingly few studies have examined the effects of
OCA on American lobsters, which are the most valuable single-species fishery in the nation
(National Marine Fisheries Service, 2018).
Crustaceans appear more resilient to the physiological effects of acidification than other
calcifying taxa such as molluscs or corals (Kroeker et al., 2010; Whiteley, 2011; Kroeker et al.,
2013; Clements and Darrow, 2018). Lobsters exhibited no change, or even increased
calcification rates, at higher pCO2 levels in some studies (Ries et al., 2009; Ries, 2011). Larvae
are likely to be most vulnerable to the effects of OCA, because of their rapid and repeated
molting and growth throughout the critical larval period (Ennis, 1995). This may cause American
lobster larvae to have decreased growth rates or survival under acidified conditions (Keppel et al.,
2012; Menu-Courey et al., 2019), but the effects of pH are likely less than those of temperature
(Waller et al., 2017). Studies of the congeneric European lobster, Homarus gammarus, have
shown similarly mixed and limited impacts of acidification on growth and survival (Arnold et al.,
2009; Agnalt et al., 2013; Small et al., 2016; Rato et al., 2017). Collectively, these results suggest
that although ocean acidification alone may have a slight negative impact on lobster larvae, it is
minimal when compared to other climate change-associated stressors such as high temperatures,
or the interactive effects from both warming and OCA (Quinn, 2017; Harrington et al., 2019;
Lefevre, 2016).
A substantial data gap exists in our knowledge of how OCA may affect lobsters after they
settle from the plankton (i.e., juvenile onward). Few studies to date have examined the effect of
acidification on adult or subadult lobsters. Early benthic phase juveniles grew more slowly in
acidified conditions (McLean et al., 2018), while subadult and adult lobsters held in acidified
conditions experienced altered hemolymph chemistry and reduced cardiac performance during
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thermal stress (Harrington and Hamlin, 2019; Klymasz-Swartz et al., 2019). These results
suggest the potential for OCA to have sublethal impacts, especially in combination with warming
waters.
The goal of the work summarized in this Chapter sought to determine if the sublethal
effects of OCA may include impacts on the olfactory-mediated behavior of lobsters, as has been
demonstrated in some other species (Nagelkerken and Munday, 2016). Specifically, I chose to
focus on behaviors associated with olfaction because acidification has been shown to disrupt
olfactory performance in a variety of other marine species, including molluscs, crustaceans, and
fish (Briffa et al., 2012; Clements and Hunt, 2015; Draper and Weissburg, 2019). Unlike the
physical impacts of acidification on shell dissolution or calcification, these olfactory disruptions
seem to be primarily associated with altered receptor binding properties, which has been most
clearly demonstrated with GABAA or GABA-like neurotransmitter receptors (Leduc et al., 2013;
Clements and Hunt, 2015; Tresguerres and Hamilton, 2017). These receptors are typically
inhibitory, but can become excitatory if ionic conditions are altered by changes in acid-base
physiology associated with OCA (Tresguerres and Hamilton, 2017). As acid-base physiology
plays a role in decapod adaptations to thermal regime changes, there may also be metabolic costs
associated with acidified conditions (Qadri et al., 2007; Harrington and Hamlin, 2019) as well as
sensory costs.
In decapods, OCA-linked sensory disruption can lead to suboptimal decision-making (de
la Haye et al., 2011), such as attraction to odor cues that would typically be aversive (Ross and
Behringer, 2019). Foraging can also be affected, due to increases to the amount of time required
to locate food items (Kim et al., 2016; Glaspie et al., 2017) and handle prey (Dodd et al., 2015;
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Landes and Zimmer, 2012). Furthermore, these impairments can occur simultaneously, leading
to overall reductions in foraging success (Wu et al., 2017).
The potential for OCA to impair or alter lobster responses to olfactory cues is of concern
both for ecological and economic reasons. Lobsters are highly reliant on chemosensory
mechanisms to perceive and respond to both food odors and the pheromones involved in
courtship and mating (Atema and Voigt, 1995; Atema and Steinbach, 2007). As the lobster
fishery relies on bait to attract lobsters into traps, the area over which bait odors are perceptible
by lobsters impacts the potential catch (Watson et al., 2009). Any decrease in the attractiveness
of bait odors, or the ability of lobsters to detect them, may have significant implications for the
fishery.
In a preliminary study designed to test the hypothesis that lobster responses to bait would
be altered at a low pH, Sykes (2016, unpublished data) found that juvenile lobsters (n = 23) were
slower to respond to the addition of bait under highly acidified conditions (pH 6.2 – 6.5). I
sought to expand upon this study with additional trials with juvenile and subadult lobsters at pH
values closer to those predicted for the year 2100 (Gattuso et al., 2015). I hypothesized that
lobsters would both be slower to respond to the odor of bait, and would spend less time handling
it at a lower pH. In order to carry out this work, I developed a method for using accelerometry to
quantify the responses of lobsters to bait. Studies of behavioral responses to acidification have
typically relied on analyzing video data, a time-consuming and laborious process (e.g. RoyceMalmgren and Watson, 1987; de la Haye et al., 2012; Dodd et al., 2015). Using off-the-shelf
accelerometers inside a container that also holds the bait can speed up and simplify data analysis,
as well as removing subjectivity regarding whether or not an individual is actually interacting
with the bait, rather than just moving around in close proximity to it. Accelerometry also makes
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it possible to carry out experiments in situations where video recordings are difficult to obtain,
such as in the field or in the dark. The results of the two experiments summarized in this Chapter
suggest that OCA may, in fact, influence the ability of lobsters to detect bait, most likely by
altering their perception of the odorants released by the bait.

METHODS
I conducted two separate, but related, experiments to test the effect of pH on lobster
responses to bait odors. In each, I used frozen herring (Clupea harengus) bait to provide an odor
cue. In the first experiment, I focused on the amount of time taken to respond to the addition of
bait under acidified conditions. In the second experiment, I examined the effect of acidified
conditions on the amount of time spent handling bait at ecologically relevant pH levels.

Manipulation and measurement of pH
A GLA PRO CO2 controller (Green Leaf Aquariums, Gainesville, FL) was used to
manipulate the pH for the trials by bubbling CO2 into the mixing tank prior to the water flowing
into the experimental tank. A pH electrode (Milwaukee Instruments, Rocky Mount, NC) in the
mixing tank caused the CO2 controller to begin bubbling CO2 whenever the mixing tank pH
started to rise above a setpoint of 7.5. A LabQuest 2 interface (Vernier Software & Technology,
Beaverton, OR) connected to a pH electrode recorded the pH in the experimental tanks. All
electrodes were regularly calibrated using NBS buffers.
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Experiment 1: Response time to bait addition
This experiment was conducted on the UNH campus in the spring of 2019. Juvenile
lobsters (n = 8, 24-32 mm CL) obtained from the New England Aquarium Lobster Research and
Rearing Facility were held in individual containers in a communal tank (maintained at 16ºC and
32 psu), and not fed for one week prior to the beginning of each trial. Trials were conducted in a
recirculating system composed of a 75 L aquarium experimental tank (77 x 32 x 32 cm), with a
separate 38 L aquarium as a mixing tank, connected through a chiller to maintain water
temperatures (Figure 4.1; Table 4.1). The acidified system was supplied with CO2 bubbled into
the mixing tank, while the control system used only air bubbled in. Each of these systems was
filled prior to the start of the trial with approximately 35 L of raw seawater obtained from the
UNH CML, and drained at the conclusion of each trial. Lobsters were provided with a small
PVC shelter, and a piece of opaque plastic was used as a partial partition of the tank to reduce
visual disturbances. Trials were monitored using an overhead video camera. Lobsters were
introduced to the tank and allowed to acclimate to the test tank for 24 hours prior to the onset of
the trial.
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Figure 4.1. Setup for the response time experiment. Arrows indicate the direction of water flow
for each tank. The length of time between bait addition and the lobster emerging from its shelter
to reach the bait container was measured by reviewing digital videos obtained using an overhead
video camera connected to a computer running time-lapse software.

At the start of each trial, the pH controller was activated and the low pH tank was brought
to a target pH of 7.5, while the control tank remained at ambient pH of ~8.0 (Table 4.1). After
approximately one hour at the target pH, the controller was switched off and a perforated opaque
film canister (approximate volume = 35 cm3) containing a weight and 3-5 g of bait was added to
the end of the tank opposite the shelter. Trials were allowed to run for 1-2 hours, then the bait
was removed and the lobsters were returned to their holding container at ambient pH. After
approximately two weeks, each lobster was tested again in the opposite condition (lobsters tested
first under acidified conditions were then tested under ambient conditions and vice versa).
Lobsters were also tested under both ambient and acidified conditions with “blank” canisters that
did not contain bait to ensure that the presence of the canister itself was not an attractive factor.

65

In addition to pH, temperature and salinity were recorded at the beginning of each trial (Table
4.1).
The videos of each trial were analyzed to determine the length of time between bait
addition and the lobster reaching the bait canister. As lobsters tended to respond rapidly and the
distance between shelter and bait was small, only trials where lobsters reached the bait within 20
minutes were included in analyses. Two trials where lobsters were obviously startled due to
doors opening or people passing by were also excluded. This led to an unbalanced design with a
low total sample size. Data from the trials in which lobsters were tested in both ambient and
acidified conditions and responded within 20 minutes in both cases (n = 4) were analyzed using a
Wilcoxon signed rank test A post hoc power analysis was conducted to determine the effects of
the low sample size on statistical power.

Table 4.1. Water chemistry parameters for the response time experiment. Top values for each
parameter are means ± SD; values in parentheses are minimums and maximums for each group.
Parameter

Acidified

Ambient

pH

7.03 ± 0.34
(6.58 – 7.68)

7.97 ± 0.11
(7.85 – 8.12)

Salinity (psu)

34.2 ± 1.7
(30 – 36)

34.8 ± 1.2
(30 – 36)

Temperature (ºC)

16.1 ± 1.5
(15.0 – 19.8)

16.1 ± 1.5
(15.1 – 19.8)
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Experiment 2: Bait handling time
The second experiment was conducted from July through October of 2019, at the UNH
CML. Subadult lobsters were captured from traps off the New Hampshire coast and held
communally in flowing seawater trays supplied with ambient seawater (temperature range 12.8º
– 15.4º C). Trials were conducted in a flow-through system, with two experimental tanks (100 x
30 x 15 cm) supplied with seawater from a 120 L mixing tank that was continuously filled with
seawater from the raw water system at CML. The experimental tanks were held in a water bath
similarly supplied with raw seawater, which maintained the temperature within the experimental
tanks at ambient levels (Figure 4.2). A time-lapse video camera (TLC200 Pro, Brinno Inc.,
Taipei City, Taiwan) recorded activity within the tanks by taking a video frame every 5 seconds.
Each experimental tank was provided with a covered shelter for the lobster on the outflow end of
the tank. A weighted 100 mL urine specimen cup with portions of its sides replaced with mesh
screening was used as the bait container. These containers allowed odors to escape but prevented
the lobsters from accessing the bait. A HOBO Pendant G accelerometer logging at 0.25 Hz
(sensitivity 0.245m/s2; Onset Computer, Bourne, MA) was secured within the container using a
cable tie. At the beginning of each trial, 20 g of bait was added to the container. Whenever the
container was moved, the accelerometer would record this change in acceleration values. The
data from the accelerometers in the bait containers were analyzed by calculating the absolute
value of the difference between successive measurements of Z axis acceleration, reflecting
movement across the long axis of the bait container. Only values above a threshold of 0.49 m/s2
(determined a priori from examination of preliminary video and accelerometer data as sensitive
enough to detect contact from the lobsters, without being affected by water flowing against the
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bait container) were considered to be indicative of a lobster moving the container. The number of
minutes during which a lobster moved the container were summed for each hour.

Figure 4.2. Setup for the handling time experiment. Raw seawater was used to both continuously
supply the mixing tank and also provide a water bath to maintain the experimental tanks at
ambient temperatures. Two lobsters were run simultaneously in either ambient or acidified
conditions. An accelerometer in the bait container was used to determine when lobsters were
trying to get at the bait and these data were used to calculate bait handling time.

A preliminary set of trials was conducted in this system to validate the tank setup and the
use of accelerometers for measuring handling time. Lobsters (n = 6, 49 – 60 mm CL) were tested
on two consecutive nights in the tanks, one under acidified conditions and one under ambient
conditions. For each of the first 12 hours of each of these tests, the number of minutes spent
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handling the bait per hour as determined by the accelerometer were compared with the number
of minutes lobsters were seen handling the container on the video. To ensure that any differences
in response to the bait were not due to an effect of the acidified conditions on overall activity, the
number of excursions lobsters made from the shelter, defined as periods when the lobster’s entire
body was out of the shelter, was compared between conditions using a Wilcoxon signed rank test.
This metric was chosen as it was easy to quantify from the video data, and less subjective than
attempting to determine activity state from the time-lapse video.
To test the effect of pH on bait handling time, a separate set of lobsters (n = 5, 41 – 62
mm CL) were introduced to the experimental tanks 24 hours prior to the start of trials. At the
start of each trial, the flow from the raw water system into the mixing tank was adjusted to
maintain an equilibrium with the outflow from the tank, and the pH controller was activated to
bubble CO2 into the mixing tank. The experimental tanks took 1-2 hours from the start of
bubbling to reach the target pH of 7.5, at which point the bait container was added. Trials ran
overnight, at which point the lobsters were removed and returned to the holding tank. Only data
from the first 12 hours following the addition of the bait were analyzed. Approximately two
weeks after the first trial, each lobster was tested again in the opposite condition (i.e. if the first
trial was under ambient conditions, the second trial was under acidified conditions). Lobsters
were not fed for the week prior to each trial, to decrease the likelihood of nonresponse to food
odors due to satiation.
Measurements of total alkalinity in the experimental tanks were collected at the start of
each run (prior to the start of CO2 bubbling) and at the time the bait was added (after reaching
the target pH) using an HI84531 mini-titrator (Hanna Instruments, Woonsocket, RI). Total
alkalinity titrations were conducted to a final pH of 4.5. Measurements of ambient water
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conditions were obtained from NERACOOS station “UNH_CML”
(http://www.neracoos.org/erddap/tabledap/UNH_CML.html), which records temperature,
salinity, pH, and total alkalinity at the same location as the water intake for the CML seawater
system. These parameters were used with CO2SYS 2.1 (Pierrot et al., 2006) to calculate further
carbonate system parameters (Table 4.2). As the mixing tank fed both experimental tanks
simultaneously in the handling time experiment, they are technically not independent replicates
(Cornwall and Hurd, 2016); however, this was a logistical compromise based on the available
equipment. Due to the nature of the flow-through system, water temperature and salinity were
not explicitly controlled and fluctuated during trials according to weather and tidal conditions.
The video data from the handling time experiment were used to measure response time
under acidified and ambient conditions. A Wilcoxon signed rank test was used to compare the
number of minutes between bait addition and the lobster contacting the bait container for each
individual in acidified or ambient conditions. The accelerometer data were used to test the effects
of acidified conditions on handling time using a Wilcoxon signed rank test. Again due to the low
sample size, a post hoc power analysis was conducted for each measurement.
Statistical analyses for both experiments were conducted in R 3.5.2 (R Core Team, 2018)
and RStudio 1.1.463 (R Studio Team, 2016).. Post hoc power analyses were conducted in
G*Power 3.19.4 (Faul et al., 2007).
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Table 4.2. Water chemistry parameters for the handling time experiment. Top values for each
parameter are means ± SD; values in parentheses are minimums and maximums for each group.
Italicized values were calculated using CO2SYS.
Parameter

Acidified

Ambient

pH

7.38 ± 0.20
(6.92 – 7.57)

7.76 ± 0.02
(7.73 – 7.81)

Total alkalinity
(µmol/kg)

2440.0 ± 143.8
(2343.0 – 2605.3)

2088.4 ± 26.8
(2049.6 – 2148.1)

pCO2 (ppm)

1585.0 ± 348.3
(1380.2 – 1987.1)

790.1 ± 14.5
(771.3 – 821.0)

Salinity (psu)

31.7 ± 0.2
(31.4 – 32.1)

31.7 ± 0.2
(31.3 – 32.0)

Temperature (ºC)

14.5 ± 0.6
(13.1 – 15.3)

13.9 ± 0.9
(12.8 – 15.4)

RESULTS
Response time to bait addition
Lobsters did not interact with the canisters when tested with “blank” canisters containing
no bait, suggesting the addition of the container did not affect the activity of the lobsters.
However, trials were not successfully completed in both ambient and acidified conditions for 4
lobsters, due to failures to respond to the odor cue within 20 minutes (n = 2), or disturbance of
the experimental setup by passersby (n = 2). Each of the 4 lobsters that were successfully tested
at both ambient and acidified pH values took longer to respond at the lower pH, though this
difference was not statistically significant (Wilcoxon signed rank test, Z = -1.83, p = 0.13; power
= 0.85). Due to both the small total volume of the system, and lags in the response time of the
CO2 controller, the system tended to overshoot the target pH, leading to pH values well below
the target value.
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Figure 4.3. Effect of pH on the time it took for lobsters to reach the bait after it was added to the
experimental chamber. Lobsters (n = 4) were each tested under both ambient (pH ~8.0) and
acidified conditions (pH < 7.5). Each symbol represents an individual lobster, with trials
connected by lines. Although each of the lobsters tested was slower to reach the bait under
acidified conditions relative to ambient, this difference was not statistically significant
(Wilcoxon signed rank test, Z = -1.83, p = 0.13).

Bait handling time
The number of minutes per hour that lobsters handled bait, as quantified by the
accelerometers located in the bait containers, showed a significant correlation with the video
measures of handling time during the preliminary trials (Spearman ρ = 0.682, n = 131, p < 0.001;
Figure 4.4). Thus, all handling time analyses were conducted using the data from the
accelerometers because if was faster, easier and less ambiguous.
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Figure 4.4. Comparison between estimates of bait handling time based on accelerometry vs
video observations. Each point represents one hour of data. The dashed line shows a 1:1
relationship, while the solid line is a linear fit of the data.
During the first 12 hours of each trial, subadult lobsters were equally active in acidified
conditions (32.9 ± 12.5 excursions from shelter, mean ± SD) and ambient conditions (34.0 ± 13.7
excursions from shelter, mean ± SD), although there was a high degree of variability between
individuals (Wilcoxon signed rank test with continuity correction, Z = 0.526, p = 0.67). As in the
previous experiment with juveniles, subadult lobsters generally took longer (~7 times longer in
these trials) to reach the bait after its addition under acidified conditions (145.3 ± 94.5 min, mean
± SD) than under ambient conditions (21.6 ± 22.6 min, mean ± SD), although the difference was
not statistically significant (Wilcoxon signed rank test, Z = -2.02, p = 0.06; Figure 4.5). Post hoc
power analysis revealed a power of 0.68, suggesting the low sample size was a substantial
impediment to detecting significant differences.
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Figure 4.5. The time taken for lobsters (n = 5) to reach the bait after its addition in the handling
time experiment. Whiskers represent the extent of data within 1.5 IQR. Each of the five lobsters
tested took longer to reach the bait under acidified conditions than ambient, although the
difference was not statistically significant (Wilcoxon signed rank test, Z = -2.02, p = 0.06).
The total time lobsters spent handling the bait container did not differ between acidified
and ambient conditions, nor were there differences in the amount of time spent handling the bait
between hours, as determined by a Wilcoxon signed rank test (Z = 0.405, p = 0.81). However, it
appeared that lobsters were slower to find the bait under acidified conditions, but then spent an
equivalent amount of time handling it once they reached it (acidified handling time 5.3 ± 5.6
min/hr; ambient handling time 7.4 ± 10.1 min/hr, means ± SD; Figure 4.6). The handling time
analysis again suffered from low power due to small sample sizes (power = 0.10).
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Figure 4.6. The number of minutes lobsters spent handling the bait container as a function of the
number of hours after bait addition. Under acidified conditions, lobsters (n = 5) tended to take
longer to locate the bait, although this difference was not statistically significant (Wilcoxon
signed rank test, Z = -2.02, p = 0.06). After finding the bait, they spent the same amount of time
handling it as under ambient conditions (Wilcoxon signed rank test, Z = 0.405, p = 0.81). Values
are means ± SE.
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DISCUSSION
The Gulf of Maine contains a wide range of marine habitats, from shallow estuaries to
deep offshore basins (Gledhill et al., 2015; Saba et al., 2016; Salisbury et al., 2008). Climate
change will impact all of these habitats, but the effects will not be felt equally, and much remains
to be learned about how the organisms living within each habitat will respond (Jennings and
Brander, 2010). The effects of climate change on organisms are often viewed from a primarily
physiological perspective, as temperature increases cause metabolic stress or shells are eroded by
more acidic waters (Kroeker et al., 2010; Ries et al., 2009). However, climate change may also
alter behaviors or senses that are critical for organisms to survive and reproduce, as suggested by
this study (Briffa et al., 2012; Clements and Hunt, 2015; Nagelkerken and Munday, 2016; Ashur
et al., 2017). The results presented here suggest that increased CO2 concentrations may alter how
lobsters respond to the odor of food sources.

Lobster olfaction may be impaired by acidified conditions
In both the response time and the handling time experiments, lobsters tended to be slower
to reach containers of bait under acidified conditions than under ambient conditions. Though not
statistically significant, this apparent delay is consistent with the preliminary work of Sykes
(2016, unpublished data). Together, the results from these experiments suggest that OCA may
have behavioral impacts on lobsters.
The slower response time observed for individual lobsters under acidified conditions is
consistent with results from other species of decapods. Hermit crabs Pagurus bernhardus (de la
Haye et al., 2012) and P. tanneri (Kim et al., 2016), portunids Callinectes sapidus (Glaspie et al.,
2017) and Charybdis japonica (Wu et al., 2017), and the cancrid Cancer pagurus (Wang et al.,
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2018) all showed similar increases in the time taken to discover food items under acidified
conditions. These delayed responses are the most consistently observed result of OCA across
decapod taxa.
Lobsters did not seem to display any reductions in activity levels under acidified
conditions. This was also the case with blue crabs (Glaspie et al., 2017) and mud crabs Panopeus
herbstii (Dodd et al., 2015). However, hermit crabs (de la Haye et al., 2011; de la Haye et al.,
2012) were less active under acidified conditions, which might have been one reason why they
responded more slowly to the presence of food. While lobsters were slower to find the bait under
acidified conditions, when they did find it, they handled it for about as much time as under
ambient conditions. This is consistent with the response of blue crabs (Glaspie et al., 2017) and
green crabs (Carcinus maenas) (Landes and Zimmer, 2012). Conversely, mud crabs (Panopeus
herbstii) (Dodd et al., 2015) displayed a reduction in food handling time, and brown crabs
(Cancer pagurus) increased handling time (Wang et al., 2018) under acidified conditions.
Clearly, there are species-specific differences in terms of how acidified conditions impact the
ability of different decapods to detect food odors at a distance, and interact with food once they
find it. This could be due to differences in foraging strategy, habitat conditions, or differences in
sensitivity to odorants (Rittschof, 1992). These varied responses may also be reflective of
differences in the effects of acidified conditions on the receptors present on the antennules versus
the appendages, which serve different functional purposes (Grasso and Basil, 2002). The
receptors on the legs may be less affected by acidification, or the higher concentrations of odor
cues immediately adjacent to the bait container may simply provide a more powerful stimulus
capable of overcoming the degree of sensory impairment associated with OCA.
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The chemosensory mechanisms by which lobsters and other crustaceans locate prey,
predators, and conspecifics have been studied intensively for decades (Derby and Weissburg,
2014; Atema, 2018). Generally, chemoreceptors found on the antennules provide distance
chemoreception, while other sensilla on the legs operate to detect contact with food items
(Moore et al., 1991; Kamio and Derby, 2017). Together with perceptions of water flow,
crustaceans are adept at localizing and moving towards the source of odor cues under the
variable conditions found in natural environments (Grasso and Basil, 2002; Pravin and
Reidenbach, 2013). The fishery takes advantage of this ability by using bait (often the same
herring used in this study as the odor cue) to attract lobsters into traps (Jury et al., 2001; Watson
et al., 2009). Any reduction in the ability of lobsters to detect the odor of bait may reduce the
effective area of influence of each trap, potentially impacting fishery catch.
Lobsters also rely heavily on chemoreception for courtship and mating (Bushmann and
Atema, 2000; Atema and Steinbach, 2007). Acidified conditions can impair chemosensory mate
location in amphipods (Borges et al., 2018). If the olfactory impairment suggested by the
experiments with food odors also impacts chemical communication between lobsters, it may
have substantial population-level impacts. Given current concerns about sperm limitation in
lobster populations, the potential for climate change to lead to further reductions in mating
success is certainly worrisome (Pugh, 2014; Tang et al., 2019; Chapter 3).

Environmental variability and adaptability
The experiments in this study changed the pH rapidly by bubbling in CO2 over the space
of no more than two hours. Although this timescale is short and was therefore designed to test
acute responses of lobsters to acidified conditions, substantial perturbations of the carbonate
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system can occur within just a few hours as tides change (Waldbusser and Salisbury, 2014). The
pH at CML can fluctuate by ~0.05 units within a tidal cycle, and following storms the increased
freshwater influx can reduce ambient pH levels further, to levels of 7.65 or lower (B Gutzler,
personal observation). As climate change is predicted to increase the frequency of extreme
weather events, as well as increase precipitation, the acidified condition pH values tested in the
handling time experiment while extreme, are not implausible (Easterling et al., 2017).
Maintaining consistent conditions in the experimental tanks was a challenge. In the handling
time experiment, these fluctuating conditions were due in part to using flowing seawater sourced
from the mouth of an estuary. While environmental variability is natural, it causes difficulty in
attempting to establish the effects of single experimentally manipulated factors, such as pH,
when ambient temperature and pH are simultaneously fluctuating due to tidal cycles. However,
the larger volumes of the tanks used for the handling time experiment did mean that the CO2
controller was less prone to overshoot the target pH. Additionally, the use of a flow-through
water bath for the handling time experiment kept water temperatures to a more realistic range
than in the response time experiment, which used chillers that were unable to reliably keep
temperatures below 18ºC.
It is possible that chronic exposure to more acidic conditions may lead to sensory
adaptation. The response threshold for specific food-associated odor cues is lowered after
lobsters are fed on a diet of that food item, though whether this is due to changes in receptor
sensitivity or associative learning is unclear (Derby and Atema, 1981). Lobsters can also be
found in estuarine environments with lower salinity and pH, suggesting some degree of tolerance
for lowered pH conditions. If there is no sensory adaptation to these conditions, lowered foraging
success might be predicted during outgoing tides, as these will be the periods with the lowest pH.
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Lobsters may choose to reside in estuarine environments due to favorable thermal conditions for
growth (Watson et al., 1999). Thus, there is a potential tradeoff between environmental
conditions that on the one claw promote rapid growth, but on the other claw may limit the ability
to effectively forage to take full advantage of these conditions (Wu et al., 2017). Comparisons of
lobsters with more classically estuarine decapods, such as blue crabs, in terms of their responses
to OCA may shed light on the degree to which decapod olfaction may adapt to more acidic
conditions. So far, however, the negative effects of OCA on crustacean foraging success appear
likely to be offset by the increased activity and movement levels associated with the warming
conditions which are likely to be occurring simultaneously (Appelhans et al., 2012; Landes and
Zimmer, 2012; Wu et al., 2017). Further work should be done to examine the consequences for
lobsters of the potential combined effects of both OCA and ocean warming.

Accelerometry as an analytical tool
In the present study, I used accelerometers mounted in bait containers to quantify the
amount of time lobsters spent handling food items. This analytical approach is much faster
compared to video analysis (less than 10 minutes per trial for the accelerometer data, rather than
the 20+ minutes taken for manual video analysis; B Gutzler, personal observation), and removed
uncertainty about how to count periods of time where animals were in close proximity to the bait,
but may not have been actively interacting with it. Further, although the video system failed to
record good data during periods of the night when lobsters were not clearly visible, the
accelerometer data was unaffected and allowed the use of periods of time when lobsters naturally
forage. The use of accelerometry has become increasingly prominent in studies of animal
behavior in recent years (Shepard et al., 2008b; Wilson et al., 2008; Brown et al., 2013; Chapter
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5). However, thus far it has primarily been used to describe the movements of animals, rather
than quantifying the reactions of animals to stimuli. One exception to this is a small, but growing,
body of work is the use of accelerometers to study the reaction of fish to being hooked, a
condition that is typically unobservable (Brownscombe et al., 2014; Gallagher et al., 2017;
Bouyoucos et al., 2018). Going forward, the use of accelerometers holds a great deal of promise
for studies of relative attractiveness of odor cues, as well as field estimates of bait degradation
rates, which can be difficult to measure in situ (Watson et al., 2019).

The results of this study suggest that OCA may alter lobster behavior by reducing their
ability to sense and respond to odor cues, though small sample sizes and variable trial conditions
mean these results should be considered preliminary. The sublethal effects of ocean acidification
on lobsters and other decapods may be more influential than direct effects on mortality, due to
incurring behavioral impairments despite showing little change in calcification rates (Whiteley,
2011; Lefevre, 2016; Nagelkerken and Munday, 2016). Both juvenile and subadult lobsters
appeared to experience sensory impairment, which, if substantiated, suggests that the behavioral
effects of OCA may be felt across multiple life stages. Further studies should be conducted to
better understand the effects of ocean acidification throughout the life cycle of lobsters,
especially as pertaining to adult chemoresponsive behaviors. Additionally, studies of the
physiological mechanisms responsible for impaired chemoreception in decapods would help
understand the potential for adaptation to acidified conditions, as well as the apparent speciesspecific differences in responses.
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CHAPTER 5

MONITORING THE BEHAVIOR OF FREELY MOVING LOBSTERS WITH
ACCELEROMETERS AND HEART RATE LOGGERS

ABSTRACT
Accelerometers are useful devices for monitoring the activity of a variety of animal
species, both in the laboratory and the field. While the data obtained from accelerometers can be
readily used to determine when animals are active, it is more difficult to determine the actual
distance travelled, or the intensity of these movements. The main objective of the work
summarized in this chapter was to determine if it was possible to accurately measure the
movements of freely moving lobsters using accelerometers alone. A second objective was to
develop a novel lobster datalogger that would be capable of providing detailed information about
the physiology and behavior of lobsters in the wild. For example, the inclusion of a heart rate
monitor as part of a more comprehensive datalogger allowed the frequency of cardiac startle
responses to be assessed. In lab- and field-based trials, the resulting data indicate that changes in
movements of lobsters in the wild are often triggered by agonistic interactions or other novel
stimuli.
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INTRODUCTION
A variety of mark-recapture studies have revealed that the American lobster is capable of
moving hundreds of kilometers, moving several kilometers per day over a wide range of habitats
(reviewed in Lawton and Lavalli, 1995). These long distance movements typically take place
each spring and fall when lobsters move between inshore and offshore areas (Campbell and
Stasko, 1986; Ennis, 1984; Goldstein and Watson, 2015). However, lobsters in nearshore
habitats during a single season seem to remain within the same general area for much of the time,
often being recaptured within a few kilometers of release despite months at large (Ennis, 1984;
Lawton and Lavalli, 1995).
Attempts to understand what factors drive daily lobster activity and behavior during these
more residential periods have been somewhat restricted to work in the laboratory for obvious
technical reasons. The methods used for this purpose have ranged from simple video
observations (Nielsen and McGaw, 2016), to shuttle boxes (Reynolds and Casterlin, 1979),
infrared light and reed-switch gates (Jury et al., 2005), running wheels and treadmills (O'Grady
et al., 2001; Jury et al., 2005), and platforms with strain gauges (Koike et al., 1997). While much
has been learned from these studies, it is always a concern that the insights gained in the
laboratory do not capture the complexity of movements in the lobster’s natural habitat primarily
due to the fact that there are so many variables in the field that might influence their behavior.
Recent technical advances, most notably involving acoustic telemetry, have allowed
scientists to expand upon our understanding the behavior of lobsters in the field (Golet et al.,
2006; Scopel et al., 2009; Bertelsen, 2013; Goldstein and Watson, 2015; Morse and Rochette,
2016). These investigations have revealed that the daily movements of lobsters generally involve
displacements of only a few kilometers, and primarily involve nocturnal excursions away from,

84

and back to, their home shelters (Golet et al., 2006; Scopel et al., 2009; Morse and Rochette,
2016). These daily patterns of activity are strongly influenced by both environmental conditions
and inter- and intraspecific interactions (Childress and Jury, 2006). However, traditional acoustic
telemetry generally only provides location information, and interpretation of the events that
motivated and triggered their movements remains largely subjective and prone to error (Payne et
al., 2010). Moving from tracking alone to biotelemetry of additional organismal parameters
offers a potential window into the daily lives of animals that would otherwise be difficult to
observe (Cooke et al., 2004; Friere and González-Gurriarán, 1998; Guerra-Castro et al., 2011;
Hellström et al., 2016).
A growing body of work has demonstrated the utility of accelerometry as a means of
measuring and understanding movements of animals in both the lab and the field (Shepard et al.,
2008b; Wilson et al., 2008; Broell et al., 2013; Brown et al., 2013; Watson et al., 2016).
Accelerometers offer a promising and potentially lower-cost means of understanding behavior
and activity on a daily scale, but the full potential of using accelerometers as a means of studying
behavior are only just being explored in lobsters (Jury et al., 2018). A major challenge lies in
understanding what the acceleration signal of directed motion is, relative to the static force of
gravity or “idle” motions associated with small changes in body position, such as shuffling
around in a shelter. By filtering the data output from the three axes against the overall level of
background output that does not equate to movement various algorithms can be used to develop
species- and behavior-specific data per unit time. For example, Lyons et al. (2013) were able to
correlate overall dynamic body acceleration (OBDA) with oxygen consumption in Homarus
americanus as a proxy for metabolic rate in the lab. However, most other studies have focused
on periods of relative activity, using the accelerometer output quantify the time spent engaged in
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locomotory behavior relative to other behaviors (e.g. den-maintenance, antennule flicking,
shelter construction, etc.). This approach has been used to quantify the nocturnal habits of the
slipper lobster Scyllarides latus (Goldstein et al., 2015) and how the activity patterns of
Caribbean spiny lobsters Panulirus argus differed between lobsters residing in natural and
artificial shelters (Gutzler and Butler, 2014; Gutzler et al., 2015).
Distinguishing directed movements from background accelerations can be a challenge for
crustaceans, as they are often neutrally buoyant and lack the characteristic acceleration signature
of locomotion that can be used to determine wing- or tail-beats in other terrestrial or aquatic
species (Shepard et al., 2008a; Shepard et al., 2008b; Broell et al., 2013; B Gutzler, personal
observation). Simultaneous monitoring of other physiological parameters may allow better
estimation of periods of activity or inactivity, as well as assisting in interpretation of specific
behaviors occurring at the time (Cooke et al., 2004; Goldstein and Pinshow, 2006). For example,
sensors to detect mandible and claw movements were used on the blue crab Callinectes sapidus
to examine feeding and aggression, and revealed that agonistic encounters with conspecifics
reduced foraging effectiveness (Wolcott and Hines, 1989; Wolcott and Hines, 1996).
One physiological parameter of particular interest in studies of crustacean activity is heart
rate (McMahon, 1999). The heart rate of lobsters rises during locomotion (Guirguis and Wilkens,
1995; O'Grady et al., 2001; Rose et al., 2001; Chabot and Webb, 2008). Additionally, it can slow
rapidly and briefly, and these periods of bradycardia, or startle responses, can be used as an
indication that they detected a novel event or stimulus (Florey and Kriebel, 1974; McMahon,
1999; Jury and Watson, 2000; Dufort et al., 2001). Functional state can be estimated from
cardiac activity patterns, as can responses to stressful environmental conditions (Fedotov et al.,
2002; Styrishave et al., 2003; Udalova et al., 2012; McGaw et al., 2018). Therefore, adding a
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heart rate sensor to an accelerometer datalogger may allow for increased discrimination between
periods of locomotion and lower-intensity activities, or indicate that a movement was associated
with response to a stimulus.
For this Chapter of my dissertation, I conducted a series of experiments to assess the
utility of accelerometers for understanding the behavior and activity of freely-moving lobsters. In
a laboratory study, I developed a calibration for acceleration that allowed me to convert the data
from an accelerometer to distance traveled. I then developed a datalogger capable of recording
acceleration, direction, and lobster heart rate, as well as associated environmental information
such as temperature and light levels. Finally, this logger was tested in the field while
simultaneously tracking lobsters with an acoustic telemetry tracking array. This allowed me to
both test the conversion between acceleration and distance in freely moving lobsters in their
natural habitat, as well as determination of a lobster’s heart rate. This method may provide a
means of understanding what factors might influence changes in its movement pattern.

METHODS
Laboratory studies to validate the use of accelerometers for estimated actual distance
moved by a lobster, and the utility and performance of the heart rate loggers, were conducted at
the UNH Coastal Marine Laboratory (CML, New Castle, NH), using adult lobsters collected
from local traps. All laboratory trials were conducted in tanks containing flow-through ambient
seawater and illuminated with a naturalistic light:dark cycle.

87

Movement calibration
Initial movement calibration was conducted by reanalyzing calibration data from Jury et
al. (2018). Briefly, this involved lobsters (n = 4, 93 – 104 mm CL) fitted with a HOBO Pendant
G accelerometer (resolution ± 0.245 m/s2; Onset Computer, Bourne, MA) on their dorsal
carapace using a harness comprised of cable ties, and secured with duct tape and cyanoacrylate
superglue (Figure 5.1) moving freely in a 1.8 m diameter circular tank. Overhead lapse video
cameras (TLC200 Pro, Brinno Inc., Taipei City, Taiwan) recorded activity, using red light for
nighttime illumination. The attachment of the device caused no apparent change in lobster
behavior, consistent with previous work using a similar methodology (Scopel et al., 2009). Trial
length ranged from 1 – 5 days per lobster, with the logger recording acceleration in G for the X
(forward/back), Y (left/right), and Z axes (up/down) every 30 sec (0.03 Hz) throughout the trial.
Accelerometer outputs from the dataloggers were converted to m/s2 and then used to calculate a
composite “movement index (MI)” by calculating the difference between successive data points
for each of the three axes and using them in the equation:
MI =

difference in 𝑋 ! + difference in 𝑌 ! + difference in 𝑍 !

Using the MI removes the contributions from the static acceleration associated with the force of
gravity, as well as accounting for any variability in the exact orientation of the logger on the
lobster. Unlike the calibrations for HOBO dataloggers presented in Jury et al. (2018), MI
includes triaxial acceleration values, rather than only X axis values.
The distance each lobster moved per hour of the trial was measured from the video
recordings using EthoVision XT 8.5 (Noldus Information Technology, Wageningen,
Netherlands). These values were compared with the accelerometer output using a linear
regression. A preliminary ANCOVA was used to test the effect of individual lobsters on the
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relationship between MI and distance moved prior to pooling the data and conducting the overall
regression. Hours in which the lobsters moved fewer than 6 m were excluded from the regression
to ensure it was not overly weighted by inactive periods, and to reduce the effects of “drift” due
to inconsistencies in where EthoVision’s video tracking system identified the center of the
lobster between video frames.

Figure 5.1. Attachment of the HOBO accelerometer on a lobster. Axes depict the coordinate
arrangement recorded by the datalogger.

Monitoring activity and heart rate in freely moving animals in the laboratory
To allow simultaneous measurement of the heart rates and activity of freely-moving
lobsters, I designed and constructed a series of Arduino-based Heart and Activity Tracker (HAT)
dataloggers (Figure 5.2). Each device costs ~$100 to construct, and is a substantial upgrade from
the HOBO dataloggers in terms of its range of logging abilities. The exact format of the loggers
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(including housing, main microcontroller, and 3.3V lithium polymer battery capacity) varied
between devices, but in general, each used an infrared transceiver (TCRT5000; Vishay
Intertechnology, Malvern, PA) to measure heartbeats (Depledge and Andersen, 1990), an
accelerometer/digital compass microchip (LSM303DLHC, resolution ± 0.02 m/s2; ST
Microelectronics, Geneva, Switzerland) to measure movements and heading, a thermistor to
measure ambient temperature, and a phototransistor to measure relative light levels. The
microcontroller was programmed to save each of these measurements to a microSD card five
times per second in .CSV format. The logged heartbeat data were converted to beats per minute
(bpm) using the Cyclic Measurements feature in LabChart 8.1 (ADInstruments, Colorado
Springs, CO) for analysis. Loggers were affixed to lobsters using duct tape and cyanoacrylate
superglue, a process that took approximately five minutes per lobster. Although the effect of the
loggers was not explicitly tested, extensive observation in the lab suggested that the loggers did
not appear to affect lobster behavior in most circumstances. Loggers were roughly neutrally
buoyant in most tested configurations. However, the loggers did occasionally interfere with
lobsters entering shelters due to the extra height. The degree of discomfort such devices may
cause to a lobster is not easily estimated (Wilson and McMahon, 2006), but as the logger was
roughly neutrally buoyant and lobsters move slowly on the benthos (so drag is unlikely to be a
major factor), the energetic cost associated with carrying the logger is likely small (Kissling et al.,
2014).
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Figure 5.2. Heart and Activity Tracker (HAT) dataloggers. A: Circuit diagram for the HAT
(created using Fritzing 0.9.3, www.fritzing.org). B: Two examples of the constructed dataloggers.
C: A lobster in the field wearing a HAT.
The ability of the HATs to accurately record lobster behavior and heart rate were
validated using a series of laboratory trials in the spring and summer of 2018. In particular, I
sought to establish that measuring heart rate would allow determination of the periods of
bradycardia associated with startle responses occurred, and in what contexts these responses
occurred. These trials were conducted in 1.8 m diameter tanks set up as naturalistic mesocosms,
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with gravel substratum, a single shelter made of concrete blocks and a patio tile roof, and clumps
of mussels scattered throughout. Tanks were supplied with flow-through seawater, and a
naturalistic light:dark cycle was maintained with astronomical timers. Video recordings were
made as described previously.
Inspection of the data led to the determination of that a threshold value of MI ≥ 0.4 could
discriminate between periods of activity and inactivity. For each hour of each trial, the
proportion of the hour where MI ≥ 0.4 was calculated, as were the number of bouts of activity
(where a lobster went from inactivity, was continuously active for several minutes, and then
ceased activity). I then calculated the proportion of these bouts of activity that were preceded by
a startle response. Startle responses were identified as episodes of bradycardia in which heart rate
displayed an instantaneous decrease of at least 20% (Figure 5.3).
To test the effect of conspecifics on the activity and cardiac startle responses of lobsters,
lobsters with HATs were monitored for 24 hours in the mesocosms either alone (n = 5, 73 – 96
mm CL), or paired with another, larger lobster present (n = 5, 75 – 88 mm CL). The number of
minutes active/hr and the number of movement bouts/hr for the focal lobsters were compared
between trial conditions using a MANOVA, while the proportion of movement bouts associated
with a startle response (i.e. with a startle response immediately preceding or within the first 10
sec of the movement bout) were compared between conditions using Fisher’s exact test. Each
focal lobster was used only once.
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Figure 5.3. A three minute segment of HAT trial data showing an example of a startle response.
Arrows indicate when the laboratory lights turn on. From top: Phototransistor voltage increases
with light; IR heart monitor records episode of bradycardia; calculated heart rate shows
instantaneous decline characteristic of startle response followed by recovery and brief increase in
rate; MI records movement exceeding threshold of 0.4 as lobster moves back against a corner of
the shelter.
Heart rate and activity in freely moving lobsters in the field
In November of 2018, I was able to conduct a limited field trial of the utility of HAT
dataloggers in an acoustic telemetry array near the UNH CML. A VEMCO Positioning System
(VPS) was deployed just north of the Stielman Rocks “3a” daymarker (Figure 5.4). The habitat
in that area is a mix of sandy bottoms with patches of boulders scattered around a rocky reef,
with an average depth of ~10 m. Water temperatures during this period were ~12º C. The
positioning array consisted of 12 VR2W acoustic receivers that were capable of detecting V5
coded acoustic transmitters operating at 180 kHZ (VEMCO, Bedford, Nova Scotia). Each of the
lobsters in these trials was fitted with a V5 transmitter, a HAT, and continuous pinger operating
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at 75 kHz (CT-82, Sonotronics, Tucson, AZ). The continuous pinger could be detected by divers
with an underwater directional hydrophone (UDR, Sonotronics, Tucson, AZ) that made it
possible to recover each lobster after it had been at large. Lobsters (n = 6, 76 – 83 mm CL) were
collected from traps, and the HATs and pingers were affixed to them while on the boat, a process
taking less than 30 minutes per lobster. Lobsters were released near the location of capture using
a disabled trap with an opened vent to allow volitional release. After 24 hours, divers recaptured
the lobsters, removed the dataloggers, and released the lobsters. The VPS array recorded the
position of the lobsters roughly every three minutes. VPS array data were processed by VEMCO
and returned as timestamped latitude/longitude positions for analysis. Tracks were compiled
from these data in R 3.5.2 (R Core Team, 2018) and RStudio 1.1.463 (R Studio Team, 2016)
using package moveVis (https://CRAN.R-project.org/package=moveVis). The distances the
lobsters traveled were compared with the predicted distances from the MI-distance regression
described above using a linear regression. Following the field trial, a second calibration
regression was constructed using the MI data and VPS distance data from one of the field
lobsters. This regression was then used with the MI data from a second field lobster to predict the
distance traveled. The predicted value was then compared with the actual distance traveled by
the second lobster as determined by the VPS.
All statistical analyses were conducted in SPSS 26 (IBM, Armonk, NY) unless otherwise
specified.
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RESULTS
Correlation between accelerometer outputs and movements
In total, 194 hours of both video and accelerometer data were compiled from five lobsters
to use in the construction of the movement calibration; however, the lobsters spent much of the
time in the shelters, and after removing all periods during which the lobsters moved less than 6
m/hr, only 105 hours were included in the final regression. The preliminary ANCOVA found no
significant differences in regression coefficients between lobsters for the relationship between
MI and distance traveled (Table 5.1). However, the intercept varied significantly between
lobsters, potentially due to differences in the position in which the HOBO logger was attached.
As the coefficients were not significantly different, the data were pooled across lobsters to
construct the overall regression. The hourly average of MI showed a relatively consistent fit with
the distance lobsters moved in the laboratory calibration trial (R2 = 0.605; F1,103 = 157.75, p <
0.001; Figure 5.4). The regression between MI and meters moved per hour produced the
equation: (meters moved per hour) = 36.49 x (MI average) – 3.43.
One lobster spent approximately 12 hrs continuously moving at a near-constant rate of
~200 m/hr, which produced anomalously low accelerometer readings due to the consistency of
movement (very few large changes in acceleration because it rarely stopped and started again).
These points were considered outliers and removed from the regression, as typical daily
movement rates of freely moving lobsters in their natural habitat in coastal waters are < 20-40
m/hr (Golet et al., 2006).
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Table 5.1. Results of a preliminary ANCOVA to determine whether regression coefficients
differed significantly between individual lobsters (n = 4) when comparing MI with meters moved
per hour.
Source

df

MS

F

p

MI

1

37180

193.60

<0.001

Lobster

3

2017

10.50

<0.001

MI x Lobster

2

254

1.32

0.271

Error

98

192

Figure 5.4. The relationship between the hourly average of the movement index and the distance
lobsters (n = 4) moved, as determined by video analysis during laboratory calibration trials.
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Laboratory measures of activity and startle responses
The data obtained by HATs allowed us to obtain precise measurements of lobster
activity, movement, and heart rate (Figure 5.5). There was no difference in number of minutes
per hour lobsters were active, or the number of movement bouts of movement per hour, between
lobsters that were held in tanks alone and lobsters held in the company of larger lobsters
(MANOVA, Wilks’ lambda = 0.776, F2,9 = 1.30, p = 0.319; Figure 5.6). However, lobsters in
tanks with larger conspecifics had cardiac startle responses associated with a significantly greater
proportion of their movement bouts than did lobsters held alone (Fisher’s exact test, p < 0.001;
Figure 5.7).

Figure 5.5. Output from HAT datalogger, showing one hour of data. Arrows indicate bouts of
movement, during which the MI was high and the lobster changed the direction of its movement.
Circles indicate the brief periods of bradycardia that are indicative of startle responses. Note that
startle responses sometimes directly precede bouts of movement.
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Figure 5.6. Lobster activity in 24-hour laboratory trials as determined by HAT loggers, when
held alone, or in a tank with a larger lobster present (n = 6 for each group). Whiskers represent
the extent of data within 1.5 IQR and dots represent outliers. A: The number of minutes spent
active per hour. B: The number of activity bouts per hour. There were no significant differences
in either metric between lobsters held alone and those held with larger lobsters (MANOVA,
Wilks’ lambda = 0.776, F2,9 = 1.30, p = 0.319)

Figure 5.7. The proportion of lobster movement bouts associated with a cardiac startle response
in 24-hour laboratory trials according to whether the lobster was alone in the tank or with a
larger lobster (n = 6 for each group). Whiskers represent the extent of data within 1.5 IQR.
Significantly more movement bouts were associated with startle responses when another lobster
was present (Fisher’s exact test, p < 0.001).
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Activity and heart rate recordings from freely moving lobsters in the wild
In the field trials, of the six lobsters released with HATs, two were not recovered and
escaped. Two other lobsters were recaptured, but the loggers had flooded and no data were
recovered. Usable data was recovered from only two of the lobsters tested (Lobster #1 and
Lobster #5) (Figure 5.8). To the best of my knowledge, these are the first recordings of the heart
rate of freely moving American lobsters in the wild, and the rates measured are comparable to
those obtained from lobsters in laboratory trials (O'Grady et al., 2001; Camacho et al., 2006).
Lobster #1, a 76 mm CL female, was released on November 18 and spent 22 hours at large
before recapture. During that time, it moved approximately 680 m (Figure 5.9). Lobster #5, a 78
mm CL female, moved approximately 610 m in the 23 hours after release on November 28,
though no position data were received for approximately five hours of this time, potentially due
to terrain obstructing the signals (Figure 5.10). Both lobsters moved from their release point in
an area of open bottom towards the edge of the rocky reef at a depth of ~8 m, where they were
recovered the next day. The lobsters in the wild appeared to have a greater proportion of their
movements associated with a startle response than did the lobsters held alone in the lab (Table
5.2).
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Table 5.2. Comparison of HAT measurements of activity and startle responses between lobsters
from the laboratory and field trials. Values are means ± SE. No mean heart rates were calculated
for the lab trials due to substantial variability between lobsters (n = 5 for each group) in resting
heart rate.
Lab
Alone

Lab
Larger
lobster
present

Field
Lobster
#1

Field
Lobster
#5

Heart rate (bpm)

–

–

62.4 ± 0.2

60.5 ± 0.5

Minutes active/hr

22.0 ± 2.0

17.8 ± 1.3

16.0 ± 4.2

26.8 ± 2.8

Movement bouts/hr

5.06 ± 0.54

6.39 ± 0.74

3.00 ±
0.56

6.57 ±
0.47

Proportion of movements
associated with startle response

0.22 ± 0.05

0.55 ± 0.10

0.72

0.42
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Figure 5.8. Field movement data from the VPS tracking array. A: General overview of the study
site, with receivers indicated. Star is approximate release site of lobsters (approximately 10 m
depth). Scale bar = 100 m. B: Track of Lobster #1. C: Track of Lobster #5. In B and C, scale bar
= 25 m and lighter colors indicate shallower depths.
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Figure 5.9. HAT and VPS outputs, in 10-minute bins, from Lobster #1 (a 76 mm CL female)
during 22 hours at large in the wild. A: Heart rate (mean ± SD). B: Movement index (mean ±
SD). C: Movement measured by the VPS array per ten-minute period.
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Figure 5.10. HAT and VPS outputs, in 10-minute bins, from Lobster #5 (a 78 mm CL female)
during 23 hours at large in the wild. A: Heart rate (mean ± SD). B: Movement index (mean ±
SD). C: Movement measured by the VPS array per ten-minute period. The shaded area indicates
a period where no data were received.
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The distance lobsters moved as predicted from the MI regression showed only a loose
relationship with the actual distance recorded by the VPS, and its predictive ability appeared to
differ between the two lobsters (Figure 5.11). In general, it appeared that the MI calculation
tended to substantially underestimate the distance traveled, but was able to capture overall
patterns of activity (Figure 5.12). The predicted distance traveled for Lobster 1 was 258 m
(actual distance: 680 m), and the predicted distance traveled for Lobster 5 was 391 m (actual
distance: 610 m). The MI calculation output also predicted a fairly constant basal level of activity
of ~1 m moved/10 min interval. By comparing the distance traveled according to the VPS with
the MI for Lobster 1, a separate calibration was attempted and used with the MI data from
Lobster 5 (Figure 5.13). The coefficient generated from this back-calibration was strikingly
different from that generated in the laboratory calibration trials (laboratory trial coefficient =
36.49; field coefficient = 16.32), but it did not produce a better fit to the VPS-measured distance
traveled by Lobster 5 than the laboratory calibration.
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Figure 5.11. The relationship between the distance lobsters moved in 10 minutes calculated by
the MI regression developed previously in the laboratory, compared with the actual distance
recorded by the VPS array. Dashed lines represent a 1:1 relationship, while solid lines are linear
fits of the data.
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Figure 5.12. Comparison of the distance lobsters moved in 10 minutes calculated by the MI
regression developed previously in the laboratory with the actual distance recorded by the VPS
array. The shaded area in the VPS record of Lobster 5 indicates a period where no data were
recorded by the array. Note that although the MI regression substantially underestimated the
distance moved by the lobsters, the general patterns of periods of activity are similar between
both methods.
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Figure 5.13. Field calibration of MI to distance traveled using VPS data from Lobster 1 (10
minute bins) to predict distance traveled by Lobster 5. The dashed line for Lobster 5 indicates a
1:1 relationship. The predicted distances showed a poor relationship to actual values.

DISCUSSION
While accelerometers have been successfully used to monitor the activity of a number of
large marine arthropods in the past, including H. americanus (Lyons et al., 2013), Panulirus
argus (Gutzler et al., 2015), Scyllarides latus (Goldstein et al., 2015), and Limulus polyphemus
(Watson et al., 2016), none of these studies attempted to use accelerometry to measure the actual
distance moved by these unrestrained animals in the field. The development of a method for
conversion between an accelerometer derived movement index and distance moved in the field
suggests that appropriately calibrated accelerometers alone may be able to provide at least rough
estimates of the actual distance lobsters, and other species, move. Though more data is needed,
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further integration of the heart rate monitors, or other physiological measures, may also increase
the accuracy of these measures (Green et al., 2009; McGaw et al., 2018).

Effects of environment, behavior, and sampling frequency on the reliability of accelerometry
One challenge to using accelerometers to measure distances moved per unit time is that
non-target behaviors, such as slight movements that are not walking (i.e., shifting sides,
twitching, leaning forward or backward, etc.), may change the value of at least one axis of the
accelerometer, which can lead to a false positive reading of locomotion. In addition, excessive
changes in acceleration or walking long periods at a constant velocity may also give anomalously
high or low values when trying to determine distances moved per unit time (B Gutzler,
unpublished data). However, by using video calibration to create a basal threshold of activity for
particular life history stages, anomalous movements can be filtered out to obtain estimates of
distances moved over hourly or daily intervals, as demonstrated here.
The majority of accelerometer research involving freely-moving animals in the wild has
thus far focused on vertebrates such as birds (Wilson et al., 2006; Shepard et al., 2008a), or fish
(Broell et al., 2013; Raposo de Almeida et al., 2013). The devices used in these studies are very
high-resolution (recording on the order of ≥ 10 Hz), which enables the measurement of
acceleration patterns associated with specific motions and behaviors, such as flying (Wilson et
al., 2008). Unfortunately, this comes with increased analytical complexity, as the volume of data
rapidly grows to fill storage capacity and requires more specialized programs to handle the
output files. An alternative to this approach is to use burst logging, where a device is triggered
when a threshold condition is reached, then logs rapidly (≥100 Hz) for a brief period before
returning to a quiescent state (Nishiumi et al., 2018). However, burst logging may not capture
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events that happen seldom, or occur without an obvious triggering threshold. On the other end of
the device spectrum are off-the-shelf devices such as the HOBO Pendant G accelerometers used
here to calibrate the MI. These dataloggers are relatively inexpensive (~$80), are supplied with a
watertight housing, and have a ready-to-use interface for launching the loggers and downloading
the data. However, their memory is extremely limited, and consequently they cannot be used to
sample at the frequencies that would be preferred for biological data. Acoustic telemetry tags
(such as the V9AP from VEMCO) are limited in the amount of information that can be
transmitted, as only a small amount of data can be encoded in each transmission, and there is a
delay between transmissions. Thus, either data must be averaged over the time between
transmissions, or instantaneous samples can be taken at low frequency. As acoustic transmissions
are not always received and parsed properly by the receivers, this can lead to uncertainty about
the true sampling frequency. Thus, for any effort seeking to use accelerometers to estimate
distance traveled, datalogging tags should be preferred.
In the calibration trials, the HOBO loggers were set to record a measurement only once
every 30 seconds (0.03 Hz). This allowed the device to log continuously for up to a week, but
meant that the resolution of the measurements was very coarse. This may have contributed to the
inaccuracy of the MI distance estimates in the field, as the HAT loggers were recording data at 5
Hz, and consequently capable of recording much more variability. Further, the fact that the
regression was developed using hourly data (needed to obtain sufficient data points from the
HOBOs for each period) may contribute to this variance. Lobsters in the wild encounter uneven
terrain that is difficult to replicate in a laboratory tank. Further work to calibrate accelerometerbased estimates of movement should use more naturalistic mesocosms to make more robust
comparisons between acceleration and distance The calculation of the MI attempts to account for
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some of this variability by taking the difference between successive measurements, akin to
removal of static acceleration of gravity in calculations of overall dynamic body acceleration
(Halsey et al., 2008; Gleiss et al., 2011), but it may not fully account for how variability in
lobster activities affects acceleration measurements. Further field studies allowing the direct
comparison of accelerometer output with telemetry tracking will also improve our ability to
calibrate the relationship between MI and distance, especially in light of the considerable
variability between individuals in activity levels.

Datalogging accelerometers complement traditional telemetry
The five-hour gap in the VPS data for Lobster 5 highlights a major advantage of
dataloggers relative to acoustic telemetry systems, while the escaped lobsters illustrate a
downside to this approach. Datalogging tags capture all data points, but require recovery of the
animal to download the data. For freely ranging animals, transmitting telemetry tags (such as the
VEMCO V13AP) could provide real-time accelerometry data, but risk missing data points if the
animal moves out of range of the receiver (which also renders calculations involving the
difference between successive measurements, such as the MI, difficult). The transmission
bandwidth for these tags is also quite limited, making high-resolution measurements of multiple
parameters as captured by the HATs impossible. Using coded acoustic tags in a telemetry array
to determine the location of animals equipped with dataloggers therefore offers an opportunity to
simultaneously relate spatial information with direct measures of activity in each location. This
coupled approach can help to understand how animals use different habitats, differentiate
between foraging excursions and territorial behaviors, or otherwise test hypotheses that would be
difficult to assess in a laboratory setting (Jacobs and Menzel, 2014).
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As the HAT loggers also record the compass heading of each lobster along with
acceleration values, it may be possible to use a calibration between acceleration and movement
in concert with the directional data to reconstruct the paths of each animal via dead reckoning.
Although limited by the small dataset so far available from the two lobsters for whom HAT and
VPS data are available, preliminary efforts to reconstruct features of the VPS track using MI data
and headings have shown some promise. If this proves to be viable through subsequent testing
and further refinement, it may allow researchers to forgo the effort and expense of setting up
acoustic tracking arrays, and instead use individual dataloggers to obtain similar data.

Causes and contexts of lobster movements
The causes of lobster movements are complex and not easily related to any single factor.
Large-scale movements such as the seasonal offshore and inshore migrations are likely triggered
by changes in temperature and turbidity (Goldstein and Watson, 2015). Lobsters in nearshore
habitats, such as those studied here, are typically nocturnal, with increased activity during
crepuscular periods (Reynolds and Casterlin, 1979; Karnofsky et al., 1989b; Golet et al., 2006).
Within these periods of activity, however, the nature of lobster activity remains somewhat murky.
Studies of lobster movement using acoustic telemetry consistently find that lobsters move
hundreds of meters per night, but the cues that drive these movements are unknown. Some
movements are likely the product of agonistic interactions with conspecifics or predators. The
presence of predatory groundfish can alter the habitat area used by lobsters (McMahan et al.,
2013), and Golet et al. (2006) found that eviction by other lobsters was responsible for almost
half of departures from shelters. Perhaps not coincidentally, in both the lab trials where the HATequipped lobster was paired with another larger lobster, and in the field data, a cardiac startle
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response was associated with the onset of roughly half the recorded movement bouts, while
lobsters in tanks alone had startle responses associated with the onset of roughly a quarter of
their movement bouts. These startle responses may be indicative of movements that are not
purely self-directed, but occurring in response to external stimuli.
Surprisingly little is known about the foraging behavior of lobsters in the wild.
Observational studies have found that foraging is observed relatively infrequently, despite
abundant lobster activity (Karnofsky et al., 1989a). However, lobsters will approach and enter
traps shortly after they are set, regardless of the time of day, suggesting that, at the very least,
lobsters usually find the olfactory cues associated with food worth investigating A further
development of the HAT logger that includes a Hall effect sensor to monitor magnetic fields,
coupled with a magnet on a lobster’s mandible, has provided encouraging preliminary data to
show that lobster feeding behavior can be monitored in the wild using dataloggers. Most
mandible movements appear during periods where the MI indicates the lobster is stationary. This
may indicate that while foraging occurs away from shelter, any prey captured could be returned
to a shelter for consumption, possibly explaining why diver-based studies seldom see lobsters
consuming food (Karnofsky et al., 1989a). This study is continuing and I hope to obtain tracking
data from the lobsters tested in the spring of 2020, Much remains to be learned about the stimuli
and cues that lobsters use to guide their behaviors. It is to be hoped that the growing capabilities
of small electronic dataloggers and tracking systems will help to further shine a light on the daily
lives of these iconic animals.
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CHAPTER 6

CONCLUSIONS AND NEXT STEPS

Lobster populations in the Gulf of Maine (GOM) are at time-series highs, yet every week
the newspapers seem to bring more grim news for the future of the fishery and the GOM as a
whole. It has been over a century since Francis Hobart Herrick published his major studies of
lobster biology (Herrick, 1895; Herrick, 1909), but in many respects, we are still far from
understanding the life and habits of lobsters. This lack of understanding means that climate
change may have unexpected impacts on lobster populations that complicate management
responses. Throughout the course of this dissertation, I have attempted to identify some of these
knowledge gaps, and develop new tools and methods to improve our ability to test hypotheses
about lobster behavior and physiology, especially under conditions they might face in the future.

EPIZOOTIC SHELL DISEASE
The lobster population in SNE has been declining for over a decade, as has the number of
new recruits (Howell, 2012; ASMFC, 2015). These changes have coincided with increased water
temperatures and prevalence of epizootic shell disease (ESD) (Groner et al., 2018). This suggests
that ESD might impact lobster reproduction, which was the primary motivation behind the work
described in Chapters Two and Three. One of my first challenges was to develop a fast, accurate,
and inexpensive method for quantifying the amount of sperm present in the spermatophores that
males insert into the seminal receptacles of females. The approach I took was to measure the
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DNA content of spermatophores, based on the assumption that each sperm cell contains a fixed
amount of DNA. I was able to demonstrate that there is, in fact, a very good relationship between
the number of sperm present in a sample, as determined by flow cytometry, and the amount of
DNA in the sample. I then applied this method to demonstrate that there is little change in the
amount of sperm in an ejaculate even when they are produced repeatedly with just a few days
between ejaculates. Importantly, this method will allow sperm to be measured much more
rapidly, and with fewer assumptions than methods used previously (Gosselin et al., 2003; Pugh
et al., 2015). This work should improve our ability to answer numerous other questions about
lobster reproductive investment. In particular, the DNA quantification approach may work even
on spermatophores stored in a female’s seminal receptacle, which is extremely promising for
future studies of sperm allocation and sperm limitation, and is a topic where work is ongoing.
The experiments summarized in Chapter 3 were designed to determine if ESD influenced
the probability that lobsters would mate and, if they did mate, whether ESD would impact the
amount of sperm the male would allocate to the female. I found that shell disease did not
influence mating, as indicated by the fact that 60 of 64 of the female/male pairs mated. However,
the more diseased females received less sperm from the males in the no-choice trials, suggesting
that male lobsters may not only be able to perceive the relative disease status of premolt females,
but may control sperm allocation accordingly. This sheds an interesting new light on the declines
in recruitment in the SNE lobster stock, and may be the first time that differential sperm
allocation based on health state has been found in decapods. In contrast, this differential
allocation was not seen in the choice trials designed explicitly to test whether diseased females
were less attractive mates. This may be due to the tendency of males to mate with the first female
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to molt regardless of health, or to health conditions besides ESD, which may not be obvious
externally (Shields, 2013; Shields et al., 2012).
Future studies on this topic should take advantage of the new DNA technique to quantify
sperm and attempt to use females that differ widely in the severity of their shell disease. In
addition, in the paired trials, it would be interesting to modify the experimental design to
explicitly determine if males detect diseased premolt females using olfaction. Finally, it would
be worthwhile to learn more about how sperm allocation works. There is some uncertainty over
when ejaculates are fully prepared and “ready to go” in the lobster vas deferens, and how sperm
packaging may be altered to suit perceived mate quality.

OCEAN AND COASTAL ACIDIFICATION
Ocean and coastal acidification (OCA) may have an impact on lobster populations, as
demonstrated in Chapter 4. The results presented indicate that lobsters tend to have difficulty
detecting the smell of herring at a distance when the pH of the water is reduced by adding CO2.
However, once they found the food, they handled it as much as in seawater at a normal ambient
pH. The causes of the dichotomy between delayed localization and unaffected handling time are
worth further study, ideally to determine whether this is a function of different chemoreceptors
involved, dose-response effects, acclimation, or some other mechanism. A key unanswered
question related to the reduction in foraging efficiency observed in Chapter 4 is whether the
potential sensory impairment extends to the pheromones crucial to lobster courtship and mating.
If lobsters are unable, or less able, to communicate by chemical means, mating success may be
substantially reduced. However, as overall lobster activity, and their interest in food once it was
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located, appeared to be unaffected by acidified conditions, it is possible that mating will be
similarly unaffected.

APPLICATION OF NEW TECHNIQUES AND THE DEVELOPMENT OF NEW
TOOLS
In addition to the application of molecular biology techniques to quantify lobster sperm, I
used accelerometers in a novel manner for two different studies in this dissertation. In the first
case, they were used to simplify feeding assays, as seen in the accelerometer-equipped bait cups
in Chapter 4. I found that using accelerometers in bait cups to measure the amount of time spent
handling food was more accurate, faster, and easier than interpreting data from time-lapse videos.
In the future, this approach will likely become much more common (Watson and Jury,
unpublished data).
I also used accelerometers to analyze lobster movements, both in the laboratory and in
the field. One goal was to determine if they might be suitable for measuring the distance lobsters
moved, not just when they moved. This approach was successful and, with some additional
modifications, it should simplify studies of animal movements in the field, as well as making
them less expensive than current telemetry techniques. I also took this approach a step further by
building my own datalogger that included sensors that provided information about lobster
heading, acceleration, and heart rate. This type of datalogger will open up an incredible window
into the daily lives of organisms that we cannot normally observe directly for any length of time.
For example, I am currently developing a way to use a Hall effect sensor (which detects
magnetic fields), in concert with a small magnet glued to lobster mandibles, to directly measure
the feeding activity of lobsters in the wild.
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In summary, the paucity of research done on lobsters in their natural habitat continues to
amaze me, given their important roles in the ecosystem and tremendous economic value. I hope
that some of the tools and approaches presented here will help overcome some of the logistical
challenges inherent to working on such a nocturnal, cold water species. Such new approaches
may be able to further our understanding of these surprisingly enigmatic animals and how they
behave in the wild. Using innovative devices that can be carried where humans cannot linger will
provide a fuller picture of lobster behavior and physiology.
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APPENDIX A
HEART AND ACTIVITY (HAT) DATALOGGER CODE

This appendix contains the code that runs on the HAT dataloggers (see Chapter 5 for
description; circuit diagram in Figure 5.2A). The code was last tested in Arduino 1.8.9 and is
designed to run on a Qduino Mini (https://www.sparkfun.com/products/13614) but has also been
used on other ATMega32U4-based Arduino boards with 3.3V logic.

/*Lobster HAT Datalogger
* (Heart and Activity Tracker)
* v2.0 2019-7-11 (no magnetic sensor)
* Ben Gutzler bgutzler@gmail.com
* Uses Sparkfun Qduino Mini, Adafruit DS3231 Precision RTC and
LSM303 compass/accelerometer
* along with thermistor, and phototransistor
* Much code borrowed shamelessly from Adafruit examples
*/
/*USAGE: connect power, then hit RESET button to ensure
everything is starting at same time
* If solid LED: something is not right
* LED should flash every 4 seconds to indicate writing to SD
card
* Check this BEFORE starting trial!
* Not a bad idea to check RTC is set either
*/
#include
#include
#include
#include
#include
#include

<Wire.h>
<SD.h>
<Adafruit_Sensor.h>
<Adafruit_LSM303_U.h>
"RTClib.h"
"Qduino.h"

// LOGGING STUFF
// how many milliseconds between grabbing data and logging it.
1000 ms is once a second
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#define LOG_INTERVAL 200 // mills between entries (reduce to
take more/faster data)
// how many milliseconds before writing the logged data
permanently to disk
// set it to the LOG_INTERVAL to write each time (safest)
// set it to 10*LOG_INTERVAL to write all data every 10
datareads, you could lose up to
// the last 10 reads if power is lost but it uses less power and
is much faster!
#define SYNC_INTERVAL 4000 // mills between calls to flush() to write data to the card
uint32_t syncTime = 0; // time of last sync()
#define
#define
#define
#define
#define

IRPin 0
//IR transceiver signal to A0
TempPin 1 // thermistor signal to A1
LightPin 2 // phototransistor signal to A2
statusPin 11 //D11 on Qduino is green LED
errorPin 13 //D13 is blue LED

RTC_DS3231 RTC;
const int chipSelect = 4; //SS pin on Featherlogger
File logfile; // the logging file
//defining how to read the uncalibrated data
int IRReading;
int TempReading;
int LightReading;
// this should let me take more than one measurement per
second and keep them straight
unsigned long millis_now;
unsigned long millis_prev = 0;
int millis_diff;
uint16_t seconds_now;
uint16_t seconds_prev = 0;
/* Assign a unique ID to this sensor at the same time */
Adafruit_LSM303_Accel_Unified
accel =
Adafruit_LSM303_Accel_Unified(54321);
Adafruit_LSM303_Mag_Unified
mag =
Adafruit_LSM303_Mag_Unified(12345);
// In case I need any Qduino goodies
qduino q; // initialize the library
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void error(char const *str)
decisions to move in the wild
void setup(void)
{
Serial.begin(9600);
Serial.println();
pinMode(IRPin, INPUT);
pinMode(TempPin, INPUT);
pinMode(LightPin, INPUT);
// initialize the SD card
pinMode(10, OUTPUT);
// turn the lights off to start
// digitalWrite(10,HIGH);
// digitalWrite(11,HIGH);
// digitalWrite(13,HIGH);
q.ledOff();
// see if the card is present and can be initialized:
if (!SD.begin(chipSelect)) {
error("Card failed, or not present");
}
Serial.println("card initialized.");
// create a new file
char filename[] = "BLACK000.CSV";
for (uint8_t i = 0; i < 100; i++) {
filename[6] = i/10 + '0';
filename[7] = i%10 + '0';
if (! SD.exists(filename)) {
// only open a new file if it doesn't exist
logfile = SD.open(filename, FILE_WRITE);
break; // leave the loop!
}
}
if (! logfile) {
error("couldn't create file");
Serial.println("Logfile issues");
digitalWrite(errorPin, LOW);
}
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// connect to RTC
Wire.begin();
if (!RTC.begin()) {
Serial.println("RTC failed");
digitalWrite(errorPin, LOW);
}
/* Initialise the sensors */
if(!accel.begin())
{
/* There was a problem detecting the LSM303 ... check your
connections */
Serial.println("No LSM303 found");
digitalWrite(errorPin, LOW);
while(1);
}
if(!mag.begin())
{
/* There was a problem detecting the LSM303 ... check your
connections */
Serial.println("No LSM303 found");
digitalWrite(errorPin, LOW);
while(1);
}
//THIS IS WHAT GETS LOGGED
logfile.println("datetime,heartIR,heading,accelX,accelY,accelZ,t
emp,light");
Serial.println("datetime,heartIR,heading,accelX,accelY,accelZ,te
mp,light");
}
// ACTUALLY RUNNING THIS
void loop(void)
{
DateTime now;
// delay for the amount of time we want between readings
delay((LOG_INTERVAL -1) - (millis() % LOG_INTERVAL));
digitalWrite(statusPin, HIGH); //making LED blink when writing
to SD
//easier to see if it's still running or the battery is dead
// fetch the time
now = RTC.now();
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seconds_now = now.second();
millis_now = millis();
millis_diff = millis_now - millis_prev;
if (millis_diff > 900) {
millis_diff = 0;
}
if (seconds_prev != seconds_now) {
seconds_prev = seconds_now;
millis_prev = millis_now;
}
//Get analog sensor readings
IRReading = analogRead(IRPin);
TempReading = analogRead(TempPin);
LightReading = analogRead(LightPin);
/* Get new sensor events */
sensors_event_t accelEvent;
sensors_event_t magEvent;
accel.getEvent(&accelEvent);
mag.getEvent(&magEvent);
float Pi = 3.14159;
//Math for orientation
// Calculate the angle of the vector y,x
float heading =
(atan2(magEvent.magnetic.y,magEvent.magnetic.x) * 180) / Pi;
// Normalize to 0-360
if (heading < 0)
{
heading = 360 + heading;
}
float accelX = accelEvent.acceleration.x;
float accelY = accelEvent.acceleration.y;
float accelZ = accelEvent.acceleration.z;
// log time and data
logfile.print('"');
logfile.print(now.year(), DEC);
logfile.print("/");
logfile.print(now.month(), DEC);
logfile.print("/");
logfile.print(now.day(), DEC);
logfile.print(" ");
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logfile.print(now.hour(), DEC);
logfile.print(":");
logfile.print(now.minute(), DEC);
logfile.print(":");
logfile.print(now.second(), DEC);
logfile.print(".");
logfile.print(millis_diff);
logfile.print('"');
logfile.print(", ");
logfile.print(IRReading); //to get from IR reading to voltage:
IRreading*3.3/1024
logfile.print(", ");
logfile.print(heading);
logfile.print(", ");
logfile.print(accelX);
logfile.print(", ");
logfile.print(accelY);
logfile.print(", ");
logfile.print(accelZ);
logfile.print(", ");
logfile.print(TempReading); //to get from reading to voltage:
reading*3.3/1024
logfile.print(", ");
logfile.print(LightReading); //to get from reading to voltage:
reading*3.3/1024
logfile.println();
Serial.print('"');
Serial.print(now.year(), DEC);
Serial.print("/");
Serial.print(now.month(), DEC);
Serial.print("/");
Serial.print(now.day(), DEC);
Serial.print(" ");
Serial.print(now.hour(), DEC);
Serial.print(":");
Serial.print(now.minute(), DEC);
Serial.print(":");
Serial.print(now.second(), DEC);
Serial.print(".");
Serial.print(millis_diff);
Serial.print('"');
Serial.print(", ");
Serial.print(IRReading);
Serial.print(", ");
Serial.print(heading);
Serial.print(", ");
Serial.print(accelX);
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Serial.print(", ");
Serial.print(accelY);
Serial.print(", ");
Serial.print(accelZ);
Serial.print(", ");
Serial.print(TempReading);
Serial.print(", ");
Serial.print(LightReading);
Serial.println();

// Now we write data to disk! Don't sync too often - requires
2048 bytes of I/O to SD card
// which uses a bunch of power and takes time
if ((millis() - syncTime) < SYNC_INTERVAL) return;
syncTime = millis();
logfile.flush();
digitalWrite(statusPin, LOW);
}
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